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PREFACEI
This research project entitled "Development and Analysis of

Closed Cycle Circulator Elements" under the Army Contract (DAAK40-

78-C-0219) for the period from July 31, 1978 to May 31, 1980 has

been completed and reported in two sections.

The first section presents our efforts expended on the develop-

ment and analysis of closed cycle circulator elements from the

I standpoint of fluid and thermal engineering. Results of these efforts

are reported by Cornelius C. Shih, Gerald R. Karr, David Walker,

Bill Jones, Kate McMyler, Martin Dahm, Tom Turner, and David Herda.

I Te second section presents our efforts expended on the deelop-

ment of computer codes for optical analysis pertinent to the unstable

resonators as they apply to excimer lasers. Results on these efforts

I are reported by James F. Perkins.

Our supporting staff including Kathy Wagner, Nick Crowe and Louise

Fogle have effectively assisted our effort in writing this report.

Cornelius C. Shih

Principal Investigator
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SECTION 1

DEVELOPMENT AND ANALYSIS OF CLOSED CYCLE CIRCULATOR ELEMENTS

I. Introduction

In the development of the pulsed Electric Discharge Laser (EDL),

the use of Closed Cycle Circulator for removing the heated laser gas

from the cavity section has been determined to be advantageous over

open cycle systems from the standpoints of run time and gas economy.

However, the lack of technical data on: the characteristics and

stability of fluid and thermal properties of the recirculating laser

gas flow under the pulsed energy input; plasma formation; level pumping

1ability; shock wave attenuation capability; heat exchanger capability;
gas contamination rates; and the gas reactor capability, has strongly

justified the need of developing a laboratory-scale Closed Cycle Cir-

culator at a relatively low cost to investigate the above mentioned

problem areas and obtain experimental data of the circulator performance

I under simulated pulsed laser operations.I!
3 The program undertaken presently by Army Missile Laboratory

[1] has as its objectives to develop the Closed Cycle Circulator, to

3 experimentally analyze the circulator performance under various pulsed

energy input conditions, and to compare with theoretical analysis of the

AU circulator performance. At the conclusion of the program, the data

3 obtained and analyzed as well as the knowledge and experience gained

will result in the establishment of design criteria and detailed com-

" lponent performance specifications for a low risk circulator system of

future generation, minimizing overall weight and volume.

• 1



In the design of the circulator system, a size of the circulator

was so chosen to yield scaling laws for satisfying possible system

design requirements, and a hot cathode electron beam gun and drive were

selected to provide high current density. A pulsed power supply having

a 50 KV peak voltage and 1000 ampere peak current will be gated on and

off synchronically with the E-beam gun allowing appropriate delay time

for plasma formation of 5x5x25 cm. The laser cavity size was selected

on the basis of the available discharge power capability and a possible

magnitude and frequencies of acoustic waves generated in the cavity.

The circulator size in length was designed to accommodate a pulse

repetition rate up to 125 pps without wave interferences within the flow

loop. In the final, a significant cost saving has resulted from this

particular design of the circulator system due to the selections of size,

configuration, bearing seal, and control system.

Through this program, the circulator system will be developed for

the purpose of studying the component's requirements and technical methods

of solution to the following areas of problems pertinent to the pulsed

electric discharge laser technology:

1) Acoustic attenuators to improve homogeneity to a designed

level of density fractional gradient with a minimum flush factor.

2) Circulator system performance in response to start-up, pre-

lasing, heat input lasing, heat removal at various flow conditions.

3) Laser gas stability, composition, and contamination during the

circulator operation and the verification of Closed Cycle pulse

laser gas stability and plasma chemistry models.

2
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4) Heat exchanger requirements with respect to the medium homo-

geneity and pressure loss in the flow ioop.

5) Validation of the analytical models through computer programs

for steady state and unsteady cases under pulsed energy input at

various levels and repetition rates.

6) Suitability of a high speed radial flow compressor for pulsed

energy input operations.

7) Materials evaluation and selection for components compatible

with the Closed Cycle laser operation in the E-b ajv environment

and their effects.

8) Compressor bearing and seal design evaluation and their im-

j provements.

9) Experiments on power gain at the laser cavity.

II. General Description and Specifications

4 1The Army Closed Cycle Circulator System consists of the following

components [2]:

1) A motor driven compressor to circulate gas in a closed duct

system for electrical discharge laser experiments.

2) A diverter valve and bypass to permit varying the gas flow in

I the main part of the duct system. The diverter valve consists of

linked flapper valves in the main part of the duct system and in

the bypass. These are arranged to operate in opposite ways so that

as the flapper in the main duct closes the flapper in the bypass

I opens and less of the gas flows in the main duct and more in the

bypass.



3) A compressor exit heat exchanger to remove the heat of com-

pression. This is a shell and tube type with gas flow through the

tubes.

4) A cavity inlet heat exchanger to condition the gas to the

desired cavity temperature. This is also shell and tube with gas

flow through the tubes.

5) A compressor inlet heat exchanger to remove the heat of lasing

or in the case of bypass operation, the heat of compression from

the gas before the latter enters the compressor. This is also

shell and tube with gas flow through the tubes.

6) Ducting to connect the various units. Heating tapes are pro-

vided for the ducts.

7) Bellows at the compressor inlet and exit to isolate the com-

pressor from the thermal expansion and contraction of the ducts.

8) A flowmeter to measure the gas flow.

9) Honeycomb and screen to remove turbulence from the gas flow

prior to entering the laser cavity.

10) A laser cavity designed by GE&M Directorate, Army Missile Laboratory

11) A water coolant supply including tank, centrifugal pump,

":I relief and throttling valves for the compressor exit and inlet

heat exchangers. The tank is fitted with a provision for liquid

y nitrogen cooling of the water.

12) A freon TA coolant supply including supply tank, catch tank,

gear pump, relief and throttling valves for the cavity inlet heat

exchanger. The supply tank is fitted with a provision for liquid

4
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nitrogen cooling of the freon TA. The supply tank, pump, cavity

inlet heat exciianger and lines are insulated with 2-inch poly-

urethane foam. During the chilling operation freon TA is pumped

continuously through the complete loop (run tank, heat exchanger,

catch tank, and returning again to the run tank). This same

operating mode may be used during a lasing test, or optionally,

the catch tank can be isolated from the run tank by means of the

manual valve provided.

13) A gas system is for purgingthe outsideface of the compressor

seal during evacuation of the duct, for adding makeup gas to the

j system, and for applying gas pressure to the inside face of the

compressor seal at start up to lift off the seal.

14) A control system for starting and stopping the compressor,

I water pump, and freon TA pump; and for controlling the positions

of the diverter valve and the three heat exchanger throttling

valves. An independent servo control is provided to maintain

cavity pressure constant by controlling a vent valve on the duct.

1 15) An instrumentation sub-system to measure pressures and

1' temperatures at various locations around the duct for the purpose

of operating the system to obtain cavity inlet temperatures from

' I200 0 K to 3000 K.

16) In addition to the basic instrumentation system of 15 there

are provisions for installing 6 Kistler pressure transducers at

3 Ivarious locations around the duct, for installing 6 hot wire

anemometers of which 3 are upstream and 3 downstream of the

5



cavity, and for installing gas sampling probes before the

cavity and after the reactor.

17) An e-beam gun and power modulator for generating energy

pulse input at various pulse rates and magnitudes.

18) An interferometer subsystem to measure optically the

medium homogeneity on an integrated base at the cavity section.

19) A mass spectrometer subsystem to measure chemical compositions

of the laser gas at various locations in the circulator.

20) Safety provisons during the circulator operation are made by

installing two gas monitors for freon TA and one monitor for

oxygen to detect the danger levels of respective gases for human

safety and fire and explosion hazards of the building.

21) Two acoustic attenuators are designed and fabricated to be in-

stalled upstream and downstream of the cavity for the purpose of

attenuating acoustic waves generated by the pulsed energy input

operation.

22) A gas reactor or so-called catalytic converter is designed and

fabricated to be installed downstream from the cavity so as to re-

morie foreign elements from the laser gas with a designed composition.

Figures 11-1 and 11-2 present general views of the Closed Cycle

Circulator system (C3 system).

The circulator system characteristics and weight breakdown of the

system components are listed in Tables 1 and 2 respectively.

Specifications of the components are delineated below:

(A) Circulator System

F 6
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ARMY CLOSED CYCLE CIRCULATOR

Figure 11-2. General View



1 1. Compressor

The single stage compressor consists of an overhung open

U type 19 vane impeller, inlet shroud, and 11 vane diffuser

installed in a cast steel housing. The impeller is mounted

directly on the high speed pinion shaft which is supported

I in two tilting pad bearings. The main motor drives the pinion

through a gear type coupling and single step speed increaser

I gear supported in two sleeve bearings. The gears are of

i hardened steel and ground to AGMA standards. The gearbox is

horizontally split in the pinion plane permitting easy in-

I spection of the high speed bearings and removal and installa-

tion of the rotor assembly. The compressor shaft is sealed

I with a Crane Type 28 Kinetic Wedge gas seal for positive

i static sealing. A unitized fabricated steel base supports

the drive motor, gear casing and compressor housing. It also

I forms the oil pump and contains the lubrication system for

the unit. The lubrication system for the drive motor is

i self-contained and the gearbox lubrication is supplied by the

unit system. Lube oil cooling is accomplished by a separate

shell and tube oil to water heat exchanger. The unit is

J supplied with an electric/pnewaatic control system which

monitors all critical parameters and provides permissive cir-

cuits along with alarm and shutdown circuitry for safe

operation of the equipment.

9



The specifications for the unit are as follows:

Inlet 10-inch ANSI 125 lb. flange

Outlet 6-inch ANSI 125 lb. flange

Gas 3:2:1 molar mix of He:N 2: CO2

Molecular weight 18.8

Cp/Cv 1.48

Inlet pressure 11.4 psia

Inlet temperature 1160 F

Inlet volume 2425 cfm

TABLE 1. CLOSED-CYCLE CIRCULATOR SYSTEM CHARACTERISTICS

Operating conditions

Gas composition (nominal 3:2:1 mix)

Helium, mole percent 50.0

Nitrogen, mole percent 33.3

Carbon dioxide, mole percent 16.7

Mass flowrate, lb/sec 0.3 to 1.4

Pressure drop (maximum at 1.4 lb/sec) (psid)

Total loop (8.4)

f Compressor exit heat exchanger 0.6

Flowmeter 0.5

Cavity inlet heat exchanger 0.43

Cavity plus acoustic attenuators 6.0

Cavity exit heat exchanger 0.36

Compressor pressure ratio (maximum) 1.8

10
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3 Compressor speed (rpm) 33,000

Laser cavity inlet temperature (0K) 200 to 300

I Laser Cavity pressure (psia) 15

I Static conditions

Pressure

I Maximum (psia) 30

Minimum (microns) 500

I Coolant storage conditions

S I Water

Capacity (gallons) 110

I Pump outlet pressure (psia) 35.1

Freon TA

I Capacity (Ib) 110

I Pressure at 1800 (psia) 100 (Approx.)

TABLE 2. CCC SYSTEM WEIGHT BREAKDOWN

1 Pounds
Compressor and drive 6760

Interconnect ducting (including flanges) 320

J Compressor exit heat exchanger 84

S Ii Flowmeter 80

Cavity inlet heat exchanger 103

! Cavity simulator 108

Cavity exit heat exchanger 92

Water supply system 105

Freon TA supply system 168

Controls 200

I



Pounds

Motor-driven water pump 100

Dry weight 8120

Water 889

Freon TA 142 (Approx.)

Wet weight 9151

Outlet pressure 20.52 psia

Outlet temperature 271°F

Pressure ratio 1.8

Brake horsepower 136

Power 460V, 3 phase, 60 cycle

Driver speed 1780

Compressor speed 26,000

The compressor manufacturer, Turbonetics, Inc., tested the unit and

reported the actual performance to be as follows:

Inlet pressure 11.4 psia

t0

Inlet temperature 116°F

Inlet volume 2485 cfm

Pressure ratio 1.91
I

Horsepower 134

R (Molecular weight 18.67) 82.76

The compressor is fitted with a Crane Packing

Company Type 28 gas seal. This seal consists of a

stationery carbon ring and a rotating chromed stain-

less seal mating ring. The parts are in contact when

12
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I stationary and the leakage will be less than 6 scfm at a

pressure differential of 15 psid with the duct and com-

pressor evacuated.

I The specified 5.6 torr cu. ft. per minute corresponds

to 12.79 scim. When the mating ring rotates the station

carbon ring lifts off slightly to eliminate rubbing contact

which would cause overheating and destruction at a pressure

differential of 5 psid, with the compressor discharge at 20

I psia. Provisions are required for introducing a pressure

differential of 5 psid (9.3 scfm) at start to lift off the

seal and for replacing this with discharge pressure once the

I compressor is operating.

An Allen Bradley Combination Starter 712-FAB282 is pro-

vided for starting the compressor motor.

t 12. Compressor Exit Heat Exchanger

This assembly is a young Radiator Company shell and tube

heat exchanger Model HF803-DR-lP less the end bonnets. The

tubes are 3/8 inch, baffle spacing is 2-1/4 inch, and the

coolant makes 1 pass. The specifications for the unit are

1 I as follows:

Inlet and Outlet

Flange OD 11 inch

' J Flange ID 8 inch

Bolt Circle 16-1/2 inch bolts on a 9-3/4 inch bolt

.circle

t14' __13



Length 28-1/8 inch

Gas 3:2:1 molar mix of He:N 2 :CO 2

Molecular weight 18.7

Gas Flow 1.4 lbs/sec

Inlet pressure 20.1 psia

Inlet temperature 741 °R

Pressure drop .6 psid

0
Outlet temperature 576 R

Coolant

Water flowing at 4.0 lbs/sec and inlet conditions of

19.7 psia and 540°R. Pressure drop 5 psid and outlet

temperature 5600R

Heat removal 79.2 BTU/sec

3. Cavity Inlet Heat Exchanger

This assembly is a Young Radiator Company shell tube

heat exchanger Model HF804-DR-lP less the end bonnets.

The tubes are 3/8 inch, baffle spacing is 2-1/4 inch,

and the coolant makes I pass. The specifications for the

unit are as follows:

Inlet and utlet

Flange OD 11 inch

Flange ID 8 inch

Bolt Circle 16-1/2 inch bolts on a 9-3/4 inch

bolt circle

11
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Length 37-1/8 inch

Gas 3:2:1 molar mix of He:N 2 :CO2

Molecular Weight 18.7

Gas Flow 1.4 lbs/sec

Inlet Pressure 19.2 psia

Inlet Temperature 576°R

i Pressure Drop .6 psid

Outlet Temperature 350°R

Coolant

Normal freon TA flowing at 3.1 lbs/sec and inlet

conditions of 35 psia and 2960R. Pressure drop 14

psid and outlet temperature 355 0R

Heat Removal 105.2 BTU/sec

34. Compressor Inlet Heat Exchanger

This assembly is a Young Radiator Company shell and

43 tube heat exchanger Model F-1002-DR-IP less the end

bonnets and mounting feet. The tubes are 3/8 inch,

', baffle spacing is 2-1/4 inch, and the coolant makes

1 pass. The specifications for the unit are as follows:

Inlet and Outlet

n OD 1
Flange OD 14-7/8 inch

.Flange ID 10-3/8 inch

Bolt circle 16-1/2 inch bolts on a 13-3/8 bolt

circle

"£ 15
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Length 23.63 inch

Gas 3:2:1 molar mix of He:N :CO
2 2

Molecular Weight 18.7

Gas Flow 1.4 lbs/sec

Inlet Pressure 11.9 psia

Inlet Temperature 660°R

Pressure Drop .6 psid

Outlet Temperature 576°R

Coolant

Water flowing at 2.0 lbs/sec and inlet conditions of

19.7 psia and 5400R. Pressure drop of 5 psid and

outlet temperature 560 9R

Heat Removal 40.4 BTU/sec

5. Ducting

The ducting connects the compressor, heat

exchangers, flowmeter and lasing cavity together and pro-

vides structure to support the elements. The main portion

of the duct consists of 8-inch diameter aluminum pipe and

standard Flowline Corp. flanges with transitions at the

compressor outlet to 6-inch diameter and at the compressor

inlet to 10-inch diameter. A 4-inch bypass connects the

compressor outlet to the inlet. Bellows are provided at

outlet and inlet to isolate the compressor from thermal

expansion and contraction of the ducts. At the cavity

16



Iinlet and outlet the cross section of the duct changes to

a rectangle 15 cm by 40 cm (5.91 inches by 15.75 in).

The cavity inlet elbow is provided with vanes, honeycomb and

i a screen to reduce velocity variations in the gas to a min-

imum at entrance to the cavity. The cavity inlet elbow

I is also fitted with a manifold for the introduction of

I liquid nitrogen to prechill the elbow to the desired cav-

ity inlet gas temperature. The manifold surrounds the

I elbow except for the section immediately preceding the

cavity inlet where a removable shroud continues the

I manifold in order to allow access to the instrumentation

in this area. The liquid nitrogen is introduced before

the elbow turn and just after the cavity inlet heat ex-

changer and after gasifying flows around and along the

elbow to exit at the end of the elbow through the shroud

V just before the inlet to the cavity. The ducting is

' Idesigned for a flow of 1.3 lbs/sec. of a 3:2:1 molar

i - mixture of He:N 2 :CO 2 with a pressure drop of less than

2.5 psid.

The ducting also includes a provision for extend-

q I ing the cavity from 60 inches to 120 inches by removing a

spool piece and replacing it with another.

6. Diverter Valve

"-" ft The diverter valve was designed to provide the

1 17



following angles and flows based on the analog model:

TEMP. IN MAIN DUCT VALVE FLAPPER ANGLE FROM

CAVITY°R GAS FLOW CLOSED POSITION

LBS/SEC

MAIN DUCT BYPASS DUCT

360 1.3 35.00 20.30

360 .13 8.60 40.60

540 1.3 60.00 1.10

540 .13 8.70 40.50

The actuator mount has been designed to mount

the actuator in two positions, such that the operating

angle of the flappers may be approximately halved and the

sensitivity doubled when operating at the cold condition.

In addition, extra length has been provided on the

actuator links between the two flappers so that new holes

may be drilled to provide a different relationship between

the flappers.

7. Water System

The water system consists of a galvanized steel

tank with a lid. The tank holds 110 gallons of water and

is fitted with a dished bottom having a 1-1/2 inch female

NPT. The tank outlet is connected to the 1-1/2 pump inlet.

The Pacific Pumping Company Model 1250-5 centrifugal

pump specifications are as follows:

18
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Flow 50 gpm

Head 81 ft.

Pressure 35.1 psi

I Driver speed 3450 rpm

I Driver horsepower 2

Electrical Power 460V, 3 phase, 60 cycle

The outlet pump discharge is fitted with a 1-inch

Lukenheimer Fig S 658 relief valve set for 50 psi with a

I return to the tank. The discharge is also connected to

i the compressor exit and inlet heat exchangers through

throttling shutoff valves.

I The specifications for these valves are as follows:

Compressor exit heat exchanger valve

Masoneilan 1-inch Camflex Valve, Model 35-35200, Full

Trim, C 14, Carbon Steel Body3v
Compressor Inlet Heat Exchanger Valve

Masoneilan 1-inch Camflex Valve, Model 35-35200,

Reduced Trim, C 5.6, Carbon Steel Body
v

The discharge from the heat exchangers is piped to.'.I

drain or can be recirculated to the water tank.

An Allen Bradley Combination Starter, 712-AAB 242 is

. I provided for starting the water pump motor.

8. Freon TA System

The Freon TA System consists of two 55 gallon

19

I



gallon stainless steel tanks, one for supply and one for

catching the discharge from the heat exchanger. Each

tank has a 2-inch NPT female outlet fitted with a 2-inch

Goddard Valve Corporation gate valve. The tank outlets

are connected to the 1-1/2 inch pump inlet. The Lobee

Pump and Machinery Company Model 12 LOL gear pump specifi-

cations are as follows:

Flow (water) 22 gpm

Pressure 100 psi

Driver Speed 1745 rpm

Pump speed 900

Driver horsepower 5

Electric power 460V, 3-phase, 60 cycle

The pump discharge is fitted with a 1-1/2 inch

Teledyne Farris Engineering Type 1876-M relief valve set

for 100 psi with a return to the supply tank. The pump

discharge is connected to the cavity inlet heat exchanger

through a throttling shutoff valve.

The specification for this valve is as follows:

Cavity inlet heat exchanger valve

Masoneilan 1-inch Camflex Valve, Model 35-35200,

Full Trim, Cv 14, Stainless Steel Body

The discharge from the heat exchanger is piped to

the catch tank. An Allen Bradley Combination Starter

20
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712-BAB 242 is provided for starting the Freon TA pump

i mmotor.

*9. Liquid Nitrogen System

The liquid nitrogen system requires a supply of

liquid nitrogen at low pressure to the three ASCO 8222D2LT

cryogenic solenoid valves.

I The valves on the water tank and the freon TA tank

feed liquid nitrogen to immersed coils of copper tibing,

vented to the atmosphere. The valve on the cavity inlet

g elbow discharges directly into a jacket surrounding the

elbow and the gasified nitrogen flows around the elbow

and exits to the atmosphere at the cavity inlet.

10. Gas System

The gas system requires a supply of makeup gas

j Iat no more than 250 psi. This gas is passed through a

Monnier 201-5200-6 filter and 107-5002-6 regulator which

reduces the pressure to 50 psi. The gas then flows to

A, ]the three branches for makeup gas, purge gas and seal

"| gas. The specifications for these systems are as follows:

JMakeup Gas System

Control Solenoid ASCO 8210-C94

jOrifices LADISH 72111 1-inch orifice unions drilled

as follows:

1 21



FLOW ORIFICE

PERCENT OF LBS/SEC DIAMETER

MAIN DUCT FLOW INCHES

.5 .0065 .104

1.0 .013 .147

2.0 .026 .209

3.5 .0455 .277

5.0 .065 .339

Purge Gas System

Control Solenoid ASCO 8223-A21

Orifice LADISH 72111 1/2-inch orifice union drilled

as follows:

FLOW ORIFICE DIAMETER

LBS/SEC. INCHES

.000146 1/64

(5.3 SCI/sec)

Seal Gas System

4Control Solenoid ASCO 8223-A21

Orifice LADISH 72111 1/2-inch orifice union drilled

as follows:

FLOW ORIFICE DIAMETER

LBS/SEC INCHES

.030 .209

(0.62 SCF/sec)

Check Valve Hoke 6211 F4B

22
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I'11. Control System

I The control system for the CCC consists of electrical

and pneumatic controls assembled in a control console. An

I Allen Bradley H31C lock switch is provided to control the

i electrical power to the console. The compressor, however,

can be operated with controls at the compressor if the

I switch on the compressor is turned to local instead of

remote. The water and freon TApumps are only controlled

Ifrom the console.

The compressor was procured with failsafe circuitry

and instrumentation to ensure a safe automatic shutdown in

the event of any of the following:

High oil temperature

I Low oil pressure

I Low oil level

High discharge temperature

Low seal gas differential pressure

In addition, the compressor cannot be started if any

of the following conditions exist:

Low oil temperature

Low oil level

I Low seal gas differential pressure

The compressor is also provided with a surge sensor

which lights the remote alarm light if surge occurs.
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The existence of any of the above conditions lights an

identifying light at the compressor.

The CCC control console accordingly has a minimum of

controls for the compressor. These are as follows:

Compressor ready light

Allen Bradley Pilot Light 800T-P16G

Compressor alarm light

Allen Bradley Pilot Light 800T-Pl6R

Compressor start switch

Allen Bradley Switch 800T-A1A

Compressor operating light

Allen Bradley Pilot Light 800T-Pl6G

Compressor stop switch

Allen Bradley Switch 800T-B6A

The ready light signifies that the above noted condi-

tions for starting have been met. The alarm light provides

an initial warning of high oil temperature, low oil pres-

sure, low oil level or high discharge temperature. If the

condition becomes worse, automatic shutdown occurs. In

the case of low seal gas differential pressure no warning

occurs before automatic shutdown. In the case of surge

automatic shutdown does not occur. The alarm light on

the control console lights and the light identifying the

condition is lighted at the compressor control panel and

remains on until the reset is pushed. In the case of
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U low oil temperature at start the ready light on the console

3 does not light and the identifying light on the compressor

does.

3 The water and Freon TA pumps are each provided with a

similar start switch, operating light, and stop switch.

The control console also incorporates Allen Bradley

I H17B on/off switches for the following:

(1) Seal gas solenoid with a 10-second timer for

I automatic shutoff

(2) Makeup gas solenoid

i (3) Liquid nitrogen solenoids for the water and

freon TA tanks and the cavity inlet elbow.

The purge gas solenoid is controlled by an Allen Bradley

H31B Lock Switch mounted on the compressor.

The pneumatic portion of the control system requires

an inlet gas supply at a pressure of no more than 150 psi.

This gas supply is introduced into a Monnier 202-2100-2

U! filter mounted in the console and the pressure is then

areduced to 20 psi by a Monnier 101-1004-2 regulator also

mounted in the console. The output pressure from the

"I regulator is then distributed to four Monnier 101-3004-2

regulators mounted in the control panel. Operation

of these regulators will apply 0 to 20 psi to the control

valve actuator to which the regulator output is connected.
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The actuators are of the spring return type, hence the

actuator motion is proportional to the pressure applied.

The pressures of the four regulators are read on Haskel

F60P4-2 pressure gauges. The gauges are also mounted in

the padel each one above the regulator being measured.

The four valves so controlled are the diverter valve of

section 2.5 and the three throttling shutoff valves in the

heat exchanger coolant systems of sections 2.6 and 2.7.

The 20 psi pressure is also distributed to a

pneumatic servo control system for controlling cavity

pressure. This consists of a Foxboro 43AP-FA4 Pneumatic

Indicating Controller, which senses cavity pressure and

controls a vent valve with positioner.

The specification for this valve is as follows:

Vent Valve

Masoneilan 1-inch Camflex Valve, Model

4 35-35200, Full Trim, Cv 14, Carbon Steel

Body with 7600 Positioner (Linear) [
(B) Instrumentation System

1) Instrumentation Subsystem for the Circulator opera-

tion

The instrumentation system is a Hy-Cal Engineering

Model CSD-948-A. The Model CSD-948-A is a self-contained,

721 channel signal conditioning system. Eleven channels

26
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I

I' are temperature, 9 channels are pressure and one channel

is flow. The temperature inputs are from platinum re-

sistance sensors, the pressure inputs are semi-conductor

I strain gauge transducers, and the flow input is a 4 to

20 mA signal. The system consists of analog signal con-

U ditioning modules housed in a steel box. Analog outputs

I are carried by a 30 ft. shielded cable to a console and

connected to digital panel meters that indicate pressure,

Itemperature and flow. These are mounted in the control

console. All analog outputs are available from a

I separate connector for analog recording. Screw terminals

on the front panel are provided for connecting the input

sensors. The sensors are equipped with 35 ft. leads in-

Idividually shielded. Input power for the CSD-948-A is

/ 117 VAC via a grounded "U" line cord. The power is routed

through an RFI filter and isolation transformer within

the signal conditioning housing.

Common mode and normal mode R. F. noise appearing on

the power line are rejected by the use of an REI filter

and an isolation transformer. The isolation transformer

contains a faraday shield between primary and secondary

which is grounded and features low capacitive coupling

between windings. The RFI filter in series with the

I JI power line attenuates the normal mode interference before
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it can disturb the signal conditioner power supplies.

Signal conditioner circuits are mounted on cards

accessible through a hinged rear panel for service or

adjustments. Cards may be removed in groups of 3 for

servicing without disturbing the rest of the system.

The specification for the system is as follows:

Signal condition channels 21

Temperature signal conditioners 11

(TXI through TX11)

Range of temperature inputs -115 0C to +199.9 0C

Accuracy of temperature + 40c

(Including sensor and

digital indicator)

Analog recorder output 1 mV/°C

(temperature)

Pressure signal conditioners 9

(PXl through PX9)

Range of pressure inputs 0 to 3877 TORR

(PX2, PX7 and PX8) V

Accuracy of pressure (Including + 26.7 TORR

sensor and digital indicator)

• Range of pressure inputs 0 to 1520 TORR

(PXl, PX3, PX4, PX5, PX6 and PX9)
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Accuracy of Pressure (Including + 6.2 TORR

I sensor and digital indicator)

Analog recorder output ImV/TORR

(pressure)

I Flow signal conditioner (FXi) 0 to 25.0 meters/sec

Accuracy of flow input + .1% of SPAN

(4 to 20 mA input)

Analog recorder output 100 mV/meter/sec

I(flow)
Input power 117 VAC 50/60 Hz

Although the readout portion of the flowmeter sys-

tem is included in the above instrumentation system, the

turbine meter itself and its direct reading totalizer

with flow rate option were procured separately. The

turbine meter is a Daniel Industries, Inc., 8-inch, 125 lb.

41 CWP Electro Magnetic Gas Turbine Meter having the follow-

ing specifications:

Operating pressure max 125 psi

Flanges DRILLED TO MATCH 150 psi ANSI

Maximum flow 161800

SCFH* at 25 psi

Minimum flow 4927

0 SCFH* at 25 psi

*14.73 psia, 60 F, .6 SP.GR.
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Pulses/actual cubic foot 24

Pulses/actual cubic meter 847

Frequency at max flow Hz 400

The direct reading totalizer with flow rate option

is a Daniel Industries, Inc., 2239-1112 Direct Reading

Totalizer, having the following specifications:

Turbine Meter Inputs

A. Type

DC coupled for nominal 14 V square wave or pulse

B. Input threshold

1. Positive going waveform: +7 V

2. Negative going waveform: +5 V

C. Open circuit input terminal voltage +6 V

D. Input resistance

20 KV2, dc to 400 Hz; decreasing to 9 KQ at 3 kHz

and above

E. Frequency range

1. Totalizer:

0 to 4 kHz

2. Rate:

10 Hz to 4 kHz

Outputs

A. Flowrate

1. Type

30
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I a. Voltage

l 0 to 10 V, 5 mA maximum load

b. Current

4 to 20 mA, 950 2maximum load.

Zero and span of current output internally

adjustable +25% of full scale with respect to

the rate meter and the 0 to 10 V output.

2. Electrical

I a. Ripple

< 2 mV rms at 32 Hz

b. Response time

0 to 90%, 1 sec., maximum

c. Linearity

10.1% of full scale (32 Hz to I kHz range)

0.25% of full scale (1 kHz to 4kHz range)

d. Average temperature coefficient

S< 0.015%/°F over operating range when
calibrated at 1 kHz as full scale

KI ,As noted in the discussion of the Hy-Cal Engineer-

ing system, the 4 to 20 mA signal from the direct

reading totalizer is connected to the input of the

'1 system. This is scaled so that 20 mA is equivalent to

102556 actual cubic feet per hour or 25 meters perf 3second flowing in a duct having a 7.98 inch inner

diameter.
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2) Instrumentation Subsystem for Time-dependent Measurements

of Velocity, Pressure and Temperature in the Circulator.

a) Pressure Measurement

The instrument used for pressure measurements is a

battery of four Piezotron pressure sensing units each of

which consists of a piezoelectric pressure transducer

(Type 201B5) and a coupler (549B) connected with a

128M cable. The unit is then connected to an oscillo-

scope for the readout of voltage signals. Specifications

of the Piezotron miniature pressure sensor or transducer,

and the Piezotron coupler are presented in

Appendix B.

The pressure of up to 100 psi was sensed by the

mini-gage which gives a direct, high level, voltage

signal with less than 100 ohms output impedance and

high frequency response of 50 kHz and low frequency

response of 0.005 HZ. The sensor then converts the

pressure into electrical voltage with bias of up to

'1 #11 + 2 volts. The power required by the transducer to

operate is supplied by the coupler, and the signal from

the transducer to the readout equipment is transmitted

through the coupler over a single inexpensive cable.

This eliminated all of the inherent piezoelectric high

impedance problems of electrical leakage, cable noise
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and signal attenuation and allows the transducers to

I be used in contaminated environments and with long and

moving cables at low noise and without use of charge

I amplifiers.

I The calibration of the transducers was performed

at the factory, and the values of the calibration were

I noted to be, on the average for all probes, 50 mv per

psi for the pressure measurement up to 100 psi. The

I calibration curve relating the voltage output and

the pressure is noted to be quite lenient.

b) Temperature Measurement

S I Due to the extremely transient nature of temperature

variation in the recirculating flow as a result of the

I pulsed laser operation, a sensor of high frequency

response in excess of 1 KHz is considered necessary for

JIU the temperature measurement. Search of an adequate

sensor resulted in the selection of a hot-wire sensor

made of 0.00015 in. diameter tungsten wire coated with

S platinum powdery film. The hot-wire sensor is connected

to the Temperature and Switching Module (Thermo-Systems

Model 1040) which in turn connected to the power supply

'3 (Model 1031-10A).

i The Module consists of a bridge circuit and amplifier

in an open loop configuration so the hot-wire sensor
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which is ordinarily used as an anemometer probe can be

switched to function as a resistance thermometer. Since

there is a linear proportionality between the voltage

output and the temperature, the calibration can be

simply performed by adjusting the zero gain set potenti-

ometers to a desired temperature range using the cali-

brate pots of two temperatures.

c) Velocity Measurement

For the measurement of velocities, hot-wire probes

the same as those used for the temperature measurement

are applied. The probe is connected to the constant

temperature anemometer module (Model 1010A). The

amplified output signal from the anemometer is sent to

the Linearizer (Model 1005B) so that the voltage signal

is processed in such a way that it became linearly

related to velocity of the gas flow.

The use of these modules ensures the frequency

response above 500 KHz with power output as high as

* 1.5 amps. The noise associated with the anemometer is

noted to be less than 0.007% equivalent turbulent

intensity. Frequency response to the Linearizer is

found to be up to 400 KHz and the accuracy of lineari-

zation can reach + 0.2%. With these special features

of the instrument, it is able to measure both average
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I velocity and turbulence in one-dimension.

3 Calibration of the probe is performed by using a

Thero-Systems Calibrator (Model 1125) in accordance

with the furnished instructions. The readout system

for both temperature and velocity is the Tektronix

type oscilloscope (Type 564-3A74-3B3).

3) Interferometer Subsystem for Optical Measurements

Introduction

IThe optical cavity is an area of primary con-

cern in any laser system. In this section we propose to

1determine laser cavity characteristics under potential

lasing conditions with optical diagnostics.

The laser cavity of the Closed Cycle Circulator

I is currently being considered as a amplifier, i.e., no

mirrors will be used for outcoupling of power (Figure 11-3).

1The diagnostic test in this mode of operation is medium

'ill quality.

Medium quality measurement is the most important

idiagnostic to be measured optically. This test is broken

down into two categories: a medium homogeneity category

*1 in which quantitative results will be obtained from steady

* .state flow in the laser cavity; and a clearing time cate-

gory, a qualitative visualization of shock structure

created by E-Beam injection in the cavity with the impact

of multiple geometry. The latter category will be measured

,~ as a function of time.
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I
(1) Medium Homogeneity

(a) Basic Concepts: Interferometry is the basic inves-

tigative tool for medium homogeneity measurements. Its prin-[
ciple of operation is based upon detection of optical path

differences (Phase differences) along a line of sight.

Figure 11-4 shows a planar wavefront in the x, y plane

incident from the left. The laser gas medium is shown flow-

ing in the region from z0 to Zl, z being along the optical

i axis. The phase, 4, at any point in the x, y plane (assuming

I small deviations of the light rays along the z axis) is given

by

4) (x, y, z) = 2Tr Afz n (x, y, z) dz (II-l)

I where n is the local index of refraction of the media and

the wavelength of the illuminating beam. The index of re-

fraction if related to the density, p, of the gas mixture by

n(x, y, z) = i - S0 (x, y, z) (11-2)

where 3 is the Gladstone-Dale constant of the gas mixture.

IThe phase is then related to gas density by

(x, y, z) = 21/Xf z - (x, y, z)} dz. (11-3)

However, only the phase distortions caused by the gas in the

region from z to z are of interest. These would be given by
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Ai(x,y) = f Zl {i + fp(x, y, z) - n dz (11-4)
z 0

The classical interferometers, e.g., Mach-Zender and Michel-

son interferometers, obtain A4 by superimposing a planar

wavefront reference beam with the perturbed test beam. The

resulting interference pattern is recorded photographically.

Figure II-5 shows the Mach-Zehnder configuration. Coherent

light from a collimated source is shown incident upon the

apparatus from the left. The coherence length of the source

must be greater than the path length difference in reference

and test beam. The light passes through beamsplitter A which

divideq the beam into a test beam and a reference beam. The

reference beam passes to a folding mirror and onto beam-

splitter B where it is recombined with the test beam to pro-

duce interference fringes. The test beam passes through the

perturbing media in the laser reference in the laser cavity

and is folded into the reference beam. The intereference

pattern is then focused into a camera for recording on photo-

graphic film. In this apparatus the test beam passes once

through the cavity.

The Michelson interferometer is shown in Figure 11-6. In

this case the reference beam is split at the beamsplitter and is

returned upon itself by mirror A. The test beam is likewise re-

turned upon itself by mirror B making a double pass through the
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1 IFigure 11-5 Mach-Zender interferometer.
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I

laser cavity. The fringe pattern formed with the recombination of

Ithe beams is recorded in a similar manner to the Mach-Zehnder inter-

Iferometer. The Michelson interferometer is more sensitive because
of the double pass of the test beam through the laser cavity. How-

ever, for extremely strong flow disturbances, this apparatus can

produce ambiguous results, the rays of the test beam not returning

I through the media along the same path.

(b) Experimental Configuration. The experimental

set-up (Michelson) for taking a single interferogram during

steady state flow conditions is shown in Figure 11-7. A

Q-switched pulsed ruby laser (20 nsec pulse width) serves

as a source. A coaxially aligned helium neon laser is used

to align the entire optical train. A beam expander enlarges

the laser beam into a large (8 inch) collimated beam incident

on the interferometer. The interference fringes formed on

the image of the flow cavity are focused on a camera.

'I The repetition rate of the pulsed ruby laser is

S I limited to 1 pulse per 20 seconds. For real time inter-

ferometric analysis, the ruby laser will be replaced with

a argon-ion laser of 4 w cw power. A Fastex motion picture

camera having a frame rate of 10,000 frames per second would

be used to record the interferograms.

(c) Reduction of Interferograms. An interferogram

taken by the Mach-Zehnder or Michelson interferometer is a

3 contour plot of phase across the aperture of the laser
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cavity. The aberrations resulting from the passage of the

planar wave test beam through the laser cavity derived from

subtraction of a reference interferogram (taken prior to

the test) from a test interferogram. We wish to determine

the degradation such aberrations produce in the Fraunhofer

pattern (far field pattern) of the laser cavity aperture.

From the Huygens-Fresnel principle {4,53 the amplitude of

a wave near the focus of an optical system is given by

-ikr i O k' + s) dsU(P) = -11 Ae e (
AR Jfe (s-5

where

R = radius of curvature of the reference wave (large).

k'=propagation factor (2Tr/X).

= wavelength of incident light.

A/R = amplitude of the wave in the exit pupil.

s = distance from a point on the reference wave to

the observation point.

= aberration function.

S= exit pupil area.

If the point of observation P is at the focus of

the reference wave, equation (11-5) becomes:

U(P) I/)R--- 2 f e ikk ds.

s
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l The intensity at P is given by

I = I (P) -U (P) 1 2 A2 iff" (d1-6
X R e ds (11-6)
%24

In the absence of aberrations, 4) = 0, and Equation (11-6)

I becomes

I = A2 S 2 (11-7)

I The normal intensity at the center of focal pattern

(far field pattern)

I I/I0 =1 kIrk d 1 2 (11-8)

ST
I ik'

Expanding e 4 and integrating termwise, the normalized

I intensity is

I/Io =' + ikj -2 3 1 (11-9)

For small aberrations (small 4))we make the approx-

imation

I/10 I 1 + ik14)j = - k'( 2  
- ) (II1-0)

0 0

l ~2/X2 -2 -2
(1 - 4- )

5Equation (II-10) is the standard RMS wavefront deforma-

tion equation. A simpler, rough approach is to obtain

yf a normalized density change, Ap BTX1. 'BL
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I

where

I AS = maximum fringe shift across the cavity.

= wavelength of the probe laser.

I B= Gladstone-Dale constant for the laser gas mixture

i at the laser wavelength.

L = length of traversed gas media.

IObtaining p, the average density of the media we have
Ap ASA (1I-1Z)

P Lp

The classical Mach=Zehnder and Michelson interferome-

ters give interferograms which are phase contour plots.

Interferograms obtained from a shearing interferometer

require additional processing before phase information

I is derived.

Reduction of a shearing interferogram is shown by

Figure 11-7. First the fringes are arbitrarily numbered

in consecutive order. Then reference points equal to the

shear and parallel to the shear direction are placed on

the test interferogram and on a reference interferogram.

Interpolated fringe orders are obtained at each reference

point on both interferograms. Proceeding from one edge of

I the interferograms to the other, the difference in orders

at each point are taken and summed to those taken at

previous points. This represents the phase at each

reference point.
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To obtain a complete phase contour map of the aperture,

the reference point set may be arbitrarily translated. Fig-

ure IV-6 represents shear in one direction (the y-direction).

Complete phase information required shear in the orthogonal

direction (in this case the x-direction).

After phase is calculated, data reduction follows

the course described previously.

4) Mass Spectrometer Subsystem for Time Dependent Measure-

ments of Gas Composition

The output of any laser instrument using chemical

molecular species as the lasing medium, is dependent upon

the population inversion of these species. The input elec-

tric discharge power can be reduced by small concentrations

of species which attack free electrons. Thus, any change in

the concentration of the lasing molecules or the formation

of deactivating species will directly affect the total out-

put power of the laser. This is true whether lasing is

made to occur by a direct chemical reaction or by external

stimulation such as an electrical discharge. Thus, the

knowledge of the concentration of the lasing and certain

other molecules is of great importance not only in the under-

standing of the chemical processes occurring in the laser,

but can also serve as a monitor to correlate any changes in

the laser output with changes in the gaseous concentrations.
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Various analytical instruments are currently used as

I diagnostic tools in laser investigations. Each instrument

is capable of yielding only a specific type of scientific

information. Thus, a variety of instruments is needed to

I investigate the laser processed and operation of any poten-

tial laser application.

IThe mass spectrometer is one of those essential

analytical instruments which is used to analyze and monitor

Iatomic and molecular concentrations of any species present
in a gaseous environment.

Among the various commercially available types of mass

spectrometer such as the quadrapole, magnetic, and time of

flight, the latter has the broadest capabilities and maxi-

1mum speed. It is also one of the least complex. It uses

* I straight-line trajectory paths for all the ions formed in

4the source, employs a planar grid source, and collects all

the ion masses on each cycle of the instrument with a mag-

netic multiplier ion detector. One may monitor every mass

peak by an oscilloscope at intervals ranging from 1- to 50-

i sec depending upon the pulsing frequency of the particular

instrument.

i The mass spectrometer chosen to be used to detect

and monitor various chemical species during operation of

I I the small scale closed cycle circulator is a Bendix Model
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MA-3A instrument. It has a spectral frequency of 30 kHz and

a mass range of 0 to 500 atomic mass units, It is capable

of detecting and monitoring most gaseous molecules in the parts

per million range.

A total of five different molecular species will be

monitored by means of an analog scanner and a four-channel

monitor which are accessories to the Bendix Mass Spectrometer.

Both of these accessories are essential in order to use the

instrument in a quantitative mode of operation. Both integrate

the current output of each mass peak over a relatively large

number of mass spectrum and present the integrated signal in

an analog form for recording. The four-channel monitor op-

erates in a multiplex mode, sampling each chosen mass for 128

cycles of the pulsing rate (3 to 5 milliseconds) and then

shifting to the next mass peak. In this way, each of the four

peaks is sampled every 15 to 20 milliseconds. Thus a consider-

able number of quantitative readings can be obtained during a

60 second run time specified in the closed cycle circulator

laser description. In this manner, it may then become possible

to correlate certain events in the laser cavity with variations

in the molecular concentration of specific species. The laser

gas will be sampled at two locations as shown in Figure 11-8.

The gases in the laser cavity exhibit viscous flow where-

*1 as those in the mass spectrometer exhibit molecular flow. The

change from the viscous to the molecular nature of flow may be

48



I
I

*1I
~I

E~4J

00

II

-

I o

I U o
4=4

* 0

** b
r.

a' IIj

49



accomplished in different ways. One technique is to probe

with various leaks. Another method is the use of leak valves

such as the Veeco PV-IQ valve. Such a valve is capable of

going from fully closed to fully open in 2 milliseconds. A

preselected flow to the mass spectrometer will be achieved by

a very fast precision leak valve.

Differential pumping is necessary to prevent an ex-

cessive amount of gases from entering the mass spectrometer

and causing it to flood.

The mass spectrometer is an extremely sensitive in-

strument and is easily affected by external forces such as

electric and magnetic fields (EMI). The presence of high

electric fields, as may exist in the proposed closed cycle

circulator electric discharge laser, necessitated the location

of the mass spectrometer to an area where such forces are

minimized. Complete EM-I shielding of the equipment is re-

quired to obtain accurate and reliable scientific information

free from the EMI.

The planned recording and data acquisition of the data

obtained from the mass spectrometer are shown in Figure II- 9.

The five monitored gases as shown in Figure 11-9 are H2

(hydrogen), N2 (nitrogen), and CO2 (carbon dioxide), and 02

(oxygen), and NO (nitric oxide). The time listing of any five

desired gases may be monitored by adjustment of the proper

controls of the mass spectrometer. Hydrogen must be monitored
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with the analog scanner because of its relative mass spectro-

meter sensitivity. The analog scanner is considerably more

sensitive than the four-channel monitor. 2 and CO will be de-

tected as one peak by the MA-3 because they have the same mass,

28. However, techniques and computer programs are currently

available that allow one to also determine the time history

of CO in the system. The scan control of the analog scanner

allows one to qualitatively detect the presence of other

gases which are not being monitored in any one experiment.

The scanner may be triggered so that it will scan from mass 2

to mass 100 in less than 1 second.

In conclusion, the MA-3 time of flight mass spectro-

meter is an extremely valuable instrument, having many appli-

cations for chemical and electric discharge laser investiga-

tions. It allows one not only to monitor time changes in

concentration of the prevalent gases but also to obtain a

complete profile of other species. Its use in the closed

cycle circulator project will provide a data base for meaning-

ful plasma-chemistry analysis and laser gas stability deter-

mination.

c) E-Beam Gun and Power Modulator

The hot cathode E-beam triode gun with its driver and

a vaccuum subsystem, and a power modulator is used for

applying energy inputs to the Circulator.

Technical specifications are given below:
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(1) E-Beam Triode Gun

* 1 (a) Beam voltage - 125 to 200 kV.

(b) Foil area - 8 X 28 cm.

(c) Discharge area - 5 X 25 cm.

I (d) Post foil pulse current density for beam voltage of

200 kV - 1 to 100 mA/cm

I (e) Pulse width - 1.5 to 31 lsec.

(f) Current rise time - 0.5 psec.

(g) Current fall time - 1.5 psec.

I (h) Pulse repetition rate - I to 125 pps.

(i) Maximum on time per burst - 60 sec.

(j) Special feature - RF grid drive capable of 1% to 10%

amplitude modulation of the gun current and frequency variable

from 0.1 to 5 MHz.

(k) Controls - Separate controls are provided for repe-

tition rate, pulse width and burst duration. Controls are

available to operate with either single pulse or pulse burst

"I mode. Following the last pulse of burst, the system will

I transmit an "off" signal to the power modulator and the cir-

culator.

(2) Power Modulator

(a) Pulse voltage to load - 10 to 50 kV.

" 7 (b) Pulse length - 0.5 to 30 psec.jl -

(c) Rise time - 0.5 psec.

(d) Fall time -1.0 psec.
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(e) Pulse repetition rate - 1 to 125 pps.

(f) Maximum energy per pulse - 650 joules.

(g) Maximum on time - 60 sec.

(h) Average output power capability - 100 kW.

(3) Acceptance Test for Discharge Modulator

(a) Modulator shall be operated into a 50 ohm resist-

ive load with 1000 A load with 1000 A load current. The

pulse width shall be 13 psec with 125 pulses per second.

Operating time shall be 60 seconds.

(b) Ability to limit current and voltage to preset

values shall be demonstrated.

(4) Acceptance Test for E-Beam Gun Assembly

(a) Post foil current density. Using a scanning collect-

or having an aperture of 0.5 x 2 cm, a uniformity of +10% must

be demonstrated over the 5 x 25 cm discharge foil area.

2
Measurements will be made at imA/cm for 30 ppsec pulses and

100 mA/cm2 for 5 Psec pulses. The gun voltage will be 175 kV.

(b) Pulse width variability shall be demonstrated at 10

. , mA/cm2 at 50, 100, and 125 pulses per second. The gun voltage

shall be 200 kv. [

(c) Pulse repetition shall be demonstrated at 10 mA/cm 2 ,

10 psec pulse width. The gun voltage shall be 200 kV.

(d) Sixty second burst operation shall be conducted at
2[

10 mA/cm2, 10 Usec, 125 pulses per second.
l0 122

(e) RF modulation 0.1 to 5 MHz at 175 kV and 30 mA/cm2

for 30 psec pulses 10% modulation shall be demonstrated.
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(C) Discussion of Capability

Figure II-10 is a block diagram of the E-beam gun,

power modulator, and the closed cycle gas circulator. The

I current in the E-beam gun is grid controlled and will be

able to deliver 125 to 200 kV electrons to a foil window in

the wall of the closed cycle gas circulator system. The cur-

rent density after passing through the foil can be varied

2
from 1 to 100 mA/cm 2 . A special feature will be the ability

Ito RF modulate the current in the frequency range of 0.1 to

5MHz. The current modulation level can be varied from 1 to

10%. Figure II-11 shows the allowed and nonallowed operating

margin. The E-beam gun power supply will be able to deliver

up to 5kW average power.

I The master control will be used to actuate the pulse

width, pulse repetition rate for burst mode or a single pulse.

It will also turn on the E-beam current 0.5 psec before it

turns on the power modulator and turns it off 0.5 psec after

the power goes off.

IThe power modulator will be able to deliver pulse currents

in the range of 100 to 1000 amps to the gas load. The gas

load voltage can be varied from 10 to 50 kV. The modulator

will have protective circuitry which will prevent damage to

,' !the modulator in the event of a load arc. In addition, the

output pulse will be limited to a preset value in the event

no load current develops or is less than the set value.F:: - 55

% -9



D E-BEAM TRIODE GUN

125-20 kVGAS ICIRCUI.ATOR
RFIOULTD P O RIkAV

VASTER
OtNRC: POWE 65 OLULATOR

WNTRC100 kW AVG
BURST OR SINGLE I10-50 kV
ON--OFF 1 100-1001A

Figure II-10 Block diagram of E-beam gun,
power modulator, and closed cycle gas circulator.
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Figure 11-3.1 Modulating trequency versus pulse width
showing the nonoperational space allowed.
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(D) Data Acquisition and Recording

The long acquisition and recording system includes a

64-channel (single-ended) analog-to-digital converter (ADC)

for the interface to the test instrumentation. There is

considerable flexibility available in the configuration of

Ithe ADC input voltage range (see the specifications below).

The ADC includes a software programmable variable gain amp-

lifier. Maximum specified data rate is 100,000 samples per

second, but with the overhead burden of programs operating

under the executive monitor, 10,000 to 20,000 samples per

second may be a more reasonable figure. The ADC has inter-

I rupt capability so that much more efficient programming is

possible given the availability of programmer manpower.

I There presently is no clock in the system. Clock

boards are available, however, and can be added at any time.

rI The executive monitor will support both line and programmable

J clocks.

Depending on test requirements, data will be recorded

J on floppy disc or transmitted to a remote computer for record-

ing on hard disk or magnetic tape, or both simultaneously.

I The diskette has limited space (256 Kbytes), while the communi-

j cations line has limited bandwidth; therefore, an appropriate

compromise will be necessary as to amount and frequency of

data supplies.

At the completion of any given test run, there will be

several options available to experimenters for obtaining
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their data. Limited amounts of numerical data may be out-

putted on the 30-character-per-second console device.

Copies of data may be obtained from the floppy diskette

source. Data may be transmitted to a computer via modem

and telephone. Because of the planned link to the graphics

computer in Building 8972, hard copy plots from the CRT

terminal, 7-track magnetic tapes, and 23KJ Disk-Pack capa-

bilities may also be available. There is at present no

line printer capability available. Hard copies of scaled,

reduced numerical data would be available from the graphic

terminal hard copy device.

Specifications of the system components are presented

as follows:

1. Processor/Controller:

a. PDP-11/04 with M9301 bootstrap

b. 8K memory

c. Console keyboard with 30 characters per
second, 132 column printer.

d. Floppy disk system device:
Dual drives

',4 10 Kbytes/sec maximum transfer rate
'iF 128 Kbytes of storage per diskette

e. Four levels of hardware prioritized interrupt

* Y plus NPRVI
* f. 1/0:

Console Keyboard/printer
Floppy diskette
Analog-to-digital converter

Serial asynchronous interface, 75 to 9600
baud, full duplex58J



I
I

1 2. Analog-to-Digital Converter:

I a. ADAC Model 600-11

b. 12-Bit Digitizing

I c. Number of inputs (randomly selectable);

64 single-ended, or (all inputs must be

I 32 true differential, or of one type only)
64 pseudo-differential

I d. Input voltage range:

Range Modification Using
Programmable Gain Amplifier

Basic Range (under software control)
(Hardware) (volts)
Selected

I (Volts) xl x2 x5 xlo

+10 +10 +5 +2 +1
T5 +5 T2.5 +1 :+o. 5

I 6-10 6-10 0--5 0--2 0-1
0-5 0-5 0-2 0-1 0-0.5!

e. Conversion time: Maximum of 100,000 samples
per second.

I f. Aperture time: 20 psec

g. Interrupt capability for maximum response time

1 I3. Software:

a. RT-11 executive monitor system

N b. Assembler (Macro-ll)

c. Editor

d. Linker, Librarian, files handler, etc. (Somei of the capabilities of the software system and

utilities will be restricted because of the
small amount of memory.)

4. Data I/0:

Analog: (a) 64 channels of analog-to-digital
converter input
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(b) No analog outputs (ADC has an unim-

plemented capability to provide two

channels of analog output)

Digital: (a) No parallel digital inputs

(b) No parallel digital outputs

c) One serial asynchronous I/0 channel,
full duplex 75-9600 band, full modem

control, but no modem available

Test data results: (a) Console printer hard copy

(b) Diskette (standard density, IBM

soft-sectored)

(c) Transmission via serial interface

to IGDS in Building 8972:
Data plots on graphic display
terminal w/hardcopy
Recording on 2315 disk cartridge
Recording on 7-channel magnetic
tape (nonstandard format)

The following figure 11-12 illustrates flow diagram of

data acquisition and recording system.

(E) Safety Provisions

Since there are possibilities of oxygen deficiency in the

* room where the circulator is installed due to the discharge of

liquid nitrogen from the cooling elbow into the room, an

oxygen detector with hazard alarm set at 20% volume or less

(Model ISA-30, Enmet Corp.) was installed on the room wall.

For safeguarding from possible freon TA leaks from the

heat exchanger loop, two freon TA detectors with hazard alarm

set at 10,000 PPM or more (Model ISA-3, Enmet Corp.) were

installed: one at the freon TA pump: and one on the room wall

over the heat exchanger. The detection level may be lowered
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E~(FLOPPY DISK)

PROCESOR DC 6 ANALOG IPU!T6

I CGNSOLE
KEYBOARD SRA
VIINTERINEFC

CURRENT LOOPOR 11-00C
COMUNICATIONS AT CIRCULATOR
LINE (FULL DUPLEX) LOCATION

BLDG 11M

41 SERIAL.
INTERFACL

~IGO1! 1mDS MCY DISPLAY WNANDCOPV
1.~2 EACH MAO TAPE DRIVES IF-TRAC13

I Figure II- 12 Flow Diagram of Data Acquisition and RecordinEg Sw'tem.
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to 300 PPM with another detector for human health hazard in

the near future according to the safety office requirements.

In addition, a double door is requested to be installed

in the room for the purpose of venting the hazardous gases

outside with a large fan. This task is assigned to the Post

Facility Engineers.

(F) Acoustic Attenuators

Two acoustic attenuators, one for upstream and one

for downstream of the cavity, were designed and fabricated by

Industrial Acoustics Company of New York under technical

direction of Prof. Ingard of MIT. The details dimensions

are shown in Figure II-13 and 11-14.

Technical basis of the attenuator design is explained in

Dr. Ingard's report to the Army dated August 1978.

(G) Gas Reactor

In view of the possibility that laser gas may be con-

taminated or decomposed due to the pulsed energy input at the

cavity which in turn causes material degassing or chemical

reaction, the need of developing a catalytic converter

capable of handling the laser gas at the specified tempera-

ture, pressure and flow rates. Materials required to construct

such a reactor have been acquired, but the necessary engineering

design has not been completed due to the lack of pertinent data

of the cavity flow.
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Attenuator

Foam Rubber
Acoustical Fill Section A-A

I 26"
2" 13"1 10"1

Pef Straight -Perf. Tapelred

Upstream Attenuator

Figure 11-13 Schematic of Upstream Acoustic Attenuator
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2Gas Passage

4"1
Attenuator

2" Gas Passage

Attjenuator

2GaPassage

29" Casing

Down Stream Attenuator Assembly

Attenuator Elevation

Out -to-Out

16" ± /32"

6V" + /32 Section A-A

4 Scale

'1 to I

Owens-Corning 704 or EQ. i
Casing (INCL TOP) 16 GA. Galv. Steel

All Other Sheet Metal 22 GA. of Heavier Galv. Steel

Figure 11-14 Schematic of Downstream Acoustic Attenuator
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III. System Operation and Control

The control system may be categorized as follows: (1) gas cir-

culator control elements, i.e., valve and sensors; (2) the electronic-

5 control assembly; (3) the remote control operational panel. The gas

circulator control elements are shown in Figure Ill-1. They provide all

I the functions necessary for preparation and operation of the gas circu-

i lator.

The control valve signals are received by an electronic control

Iassembly as shown in Figure 111-2. This assembly conditions all valve
and sensor signals that interface with the gas circulator control elements;

provides controller network and reference signals for the closed loop turbo-

SI compressor speed control; provides all sequential logic for system prepara-

tion and operation; and provides emergency control logic for safe shutdown

and self-protection to the gas circulator. The electronic control assembly

(located near the gas circulator) has two interface panels: the closed-

cycle gas circulator control harness and the remote control operational

' j panel. The remote control operational panel is the control system link

for the operator. It provides the operator with all information necessary

Jfor safe, efficient operation; displays critical system parameters; provides

the switches and dials necessary for preparation and operational functions;

warns the operator of out-of-spec parameters that may be an indication of

an impending failure; informs the operator of the status of the system

operation and status of propellant supply; provides an emergency of stop,

: Isafety interlocks; and controls external duct heaters.
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(1) Preoperative CCC Functions. The system is first evaluated

by attaching a facility vacuum line to the gas vent valve Figure IJI-i. The

turbocompressor oil system is decoupled to prevent oil leakage past the

seals into the compressor. A hard vacuum is drawn (operational panel)

vacuum pressure indication), and external duct heaters are activated to

vaporize any trapped moisture in the system.

A leakage test is then performed on the system. A clean gas mix is

next introduced through the fill valve until the proper mass content is

achieved. The mass of gas required to achieve a 15-psia cavity inlet

pressure under lasing conditions is predetermined in the form of an average

gas density throughout the loop. This is established by pressure and tem-

perature transducers. Before coupling the turbocompressor oil system,

compressor seal buffer gas is introduced by opening the solenoid valve.

In many cases, the precharging of the system with mixed gas will result in

subatmospheric pressure throughout the loop and, hence, compressor seal

buffer gas is required to prevent oil or oil vapor from entering the

* system.

The premixed gas supply tank is precharged with high-pressure

gas. A pressure regulator at the discharge of this tank is set at approxi-

mately 100 psia. (The tank and regulator are not shown in Figure III-1, and

are not considered part of the closed-cycle gas circulator fJ
system.) A fill valve orifice is selected to deliver from 0.5 to 5.0

percent of total system flowrate, depending on the rate of depoisoning

desired during lasing operation.
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IThe water and freon TA coolant tanks are filled with their isolation

I valves closed. The freon TA coolant tank is filled at ambient pressure

(at a corresponding saturated liquid temperature of 1700K). The GN2
I supply valve is closed and the cap is removed from the tank vent valve.

As heat from the environment enters the tank during a prestart waiting

period, vapor pressure in the tank will rise to a maximum of 23 psia, at

which point the tank vent valve opens holding that pressure and a corre-

sponding saturated liquid temperature of 3200 R.

(2) Closed Cycle Gas Circulator Startup. Preliminary to starting

up of the compressor, the water tank pump is started up, and the Freon TA

pump also started up. The gas diverter is set to a full bypass position.

The gas throttle valve is set to a wide-open position. The compressor,

oil pressure, and scavenge pumps are energized. A start signal by the

operator at the control panel initiates acceleration of the compressor.

Due to the reduced impedance of the bypass line, the acceleration power

requirements are minimized. The cavity exit heat exchanger wave flow

3valve will remain closed during the acceleration until such time as the
gas temperature at the heat exchanger exit exceeds 315 0K. At this point,

a thermal switch will open the solenoid valve allowing water to flow

through the heat exchanger and thereby holding the exit gas temperature

at the desired 320 K temperature. When the compressor reaches maximum

speed, the motor frequency control will electrically modulate motor current,

thereby holding the desired speed. If lasing is to be accomplished at a

II200 K cavity inlet temperature, then the walls of the freon TA heat ex-

.I lchanger must be prechilled to approximately 1850 to permit nucleate

boiling heat transfer on the coolant side of the heat exchanger. This
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prechilling operation is accomplished by opening the Freon TA throttle

valve wide open, which is remotely controlled from the operators panel.

The heat exchanger back-pressure regulator maintains 23-psia coolant

vapor pressure. The gas diverter valve, controlled at the operator

control panel, is set to a zero bypass condition, allowing full gas

flow to the freon TA heat exchanger. When the gas exit temperature

reaches 320°R, the prechilling operation is completed and the system is

in readiness for lasing.

(3) System Operation. The gas diverter valve is modulated at the

control panel until the desired cavity flowrate is indicated by the

flowmeter. Cavity inlet pressure is noted, and the gas vent and/or fill

valve is actuated as required to vary the system gas inventory. It is

important to note, however, that the nonlasing cavity inlet pressure

will in general be lower than the pressure under lasing conditions. To

prevent a substantial pressure transient immediately following lasing, it

is desirable to establish the proper gas weight in the system in the "ready"

condition.

ICavity inlet temperature is noted. If lasing is to take place at

2000 K the coolant throttle valve is opened wide and the adjustable back-i;i
pressure regulator is varied until desired exit gas temperature is

achieved. The throttle valve is sized to provide a coolant flowrate

such that approximately an 80 percent exit quality will exist at the

coolant exit line under maximum power operation of the system. At

reduced power operation (reduced gas flowrate), the use of freon TA
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I coolant can be conserved by closing the coolant throttle valve and

I thereby reducing coolant flowrate. This valve should be adjusted closed

until a rise in coolant exit temperature is noted indicating that some

j super heating is taking place in the exit line. An exit gas quality of

less than 100 percent could then be re-established by a readjustment of

I the throttle valve to a more open position, until the exit gas stabilizes.

IIf lasing operation is to take place at a cavity inlet temperature

substantially higher than 200°K, then the freon TA heat exchanger operates

Iin a superheating mode. The adjustable back-pressure regulator is set

for 23 psia. The coolant throttle valve is adjusted until the desired

exit gas temperature is achieved.

Upon activating the lasing switch on the operators panel, the

solenoid fill valve is opened, introducing clean gas mix at a rate

established by the orifice size. Lasing operating with 0.5- to 5-percent

f' depoisoning is established by selection of the proper orifice. At the

same time that lasing is initiated, the cavity pressure control is

i .activated. This represents the only closed-loop control in the closed-

cycle gas circulator system aside from the frequency speed control of

the compressor motor drive. The cavity pressure control is shown in

Figure III-3. Apressure signal at the cavity inlet is compared with a

reference value of 15.0 psia. If an error exists between these two

values, a proportional signal passes through a compensation network to
I

"1 ,I  establish a vent valve position reference which, in turn, is compared

U lto a feedback position signal from the valve. A position error signal

V 71
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then actuates the servovalve to hold the desired position, and thereby

maintain cavity inlet pressure at the selected value, Since the gas vent

valve is sized to handle up to 5 percent of maximum gas circulator flow,

there is no change necessary to the control should a different gas fill

orifice be selected to change the depoison rate. During lasing operation,

if it is desirable to vary cavity inlet pressure, this can be accomplished

by simply selecting the new desired pressure reference at the control

panel, The gas vent servovalve will automatically modulate to hold the

selected cavity inlet pressure at the same depoison rate.

As shown on the control schematic Figure 111-3, the system provides

for either automatic or manual control of cavity inlet pressure depending

on the switch setting. With contact B closed, the cavity inlet pressure

is controlled manually by setting a gas vent valve position reference at

the control panel. With contact A closed, a pressure reference is set

up at the control panel and closed-loop control of cavity inlet pressure

is established. The control system is so designed as to provide "bumpless

4! transfer" between manual and closed-loop control. This means that a

smooth transition will take place when switching between the two controls.

Variations in cavity inlet temperature can be achieved by remote position-

ing of the coolant throttle valve at the control panel. This will vary

the coolant flow rate and hence the superheat temperature at the coolant

V exit,
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IV. Calibrations and Preparation of the Instrumentation System

A. Hot-Wire Anemometer Calibration for Velocity Measurement

1. Theory: When the hot-wire anemometer is calibrated for

velocity measurement, the basic function of the anemometer is to

keep the hot-wire at a specific temperature (known as the operating

temperature). As flow passes over the hot-wire, the temperature

of the wire drops. The anemometer must therefore step up the

voltage across the hot wire to keep the wire at its operating

temperature. Given several known velocities and their corre-

sponding voltages, a plot of velocity vs. voltage can be

constructed. This will yield an approximately 1/4 power curve.

By applying curve fitting techniques, a relationship for velocity

in terms of voltage can be derived. Henceforth, whenever the hot

wire is exposed to a flow and a certain voltage is read, that

voltage is merely read into the equation and the velocity of the

flow can be found.

2. Procedure: The hot wire (and probe support) is positioned in

front of a hole In a pressure chamber. The flow of gas into

this chamber is controlled through means of a pressure regulator,

and the pressure inside the chamber is read from a manometer.

A thermometer is also mounted in the chamber so that the fluid

temperature in the chamber can be found.L Gas JHot-Wire
SupplyCalibrator Probe
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i Using this apparatus, the pressure and temperature of the gas inside the

chamber (which is causing a specific flow across the hot wire outside the

chamber) can be found. Then, using the relation:

i V= Baro Press (14.7)/760+Baro Press 14.7
2 x k x R x 32.2 x (459.6 + Temp) x 1 - Press 760 1

i \k-i

Where: R denotes the gas constant
k denotes the specific heat ratio

the velocity of the flow across the probe can be found. By adjusting the

regulator to several settings, the several known velocities needed for the

I calibration can be found.

i The necessary voltages corresponding to these velocities are

found at the same time as the velocities by simply reading a digital

I voltmeter which is hooked up to the anemometer. The only preparation that

the anemometer requires is that the operating temperature be set. This is

done as fllows:

* I1. Attach the Hot Wire and Probe Support to the PROBE jack on the

anemometer with axial cable.!3, 2. Set the resistance dials to zero.

3. Turn anemometer to STAND BY and switch power on.

4. Using the 0-3 volt scale, adjust the REF SET knob so that the anemometer

Ireads 2 volts.

5. Depress the RES MEAS toggle and note anemometer voltage, If it decreases,

the resistance setting on the resistance dial is too low. If it increases, the

setting is too high. By interacting between adjusting the resistance setting
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and depressing the toggle, the cold resistance can be found (cold

resistance will be at point where the voltage does not change when the

toggle is depressed).

6. The cold resistance is then multiplied by a given overheat ratio

(a constant which depends on the type of fluid which the wire is exposed

to) to get the operating resistance. This number is set into the

resistance decks and specifies to the anemometer the operating temperature.

Once the operating temperature is set, the REF SET knob is adjusted so

that the anemometer reads 15 volts. The anemometer is then switched to

RUN, and the previously described procedure is used to calibrate the

Hot Wire.

B. Hot-Wire Anemometer Calibration for Temperature Measurement With a
High Dynamic Response

1. Theory: When using Hot Wires to measure temperature fluctuations, the

anemometer serves to measure the change in voltage across the Hot Wire which

is caused by a change in the Wire's temperature. Since the resistance of,

and therefore the voltage across, a conductor changes with temperature, we

can derive an equation relating the change in voltage to the change in

temperature:

AV = KAT where K = constant

If only one of the variables (preferably T fina) is not known, we can solve

the equation for this variable.

2. Procedure: The equation used is as follows:

V-V = R J 01 (T-T.)

where:

V = initial voltage0

V = final voltage
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I

R = cold resistance of wire at initial temperature
0

Jo = temperature co-efficient of resistance for sensor being used

T = final temperature

T = initial temperature

g 0 - amplifies gain (1000 standard)

I = current through sensor (1.5 ma standard)

I Solving for T:

V-Vo
T=R J GI + T

0 0 0

T 0Tcan be measured at the experiments start, as can V Ro' J G and I

are known constants. V is measured with an oscilloscope.I
Typical Data

Av= 2.T divisions 1.5 volts/div=1.05 volts

ST = 38 0 C
0

R = 6.59r

J 
= 3.5xi0 -5

G = 1000

i =1.5

1.05

j T = 6.59(3.5xlO -2) (1000) (115) + 39

T = 69.30C

Measured Temperature = 72*C

169.3-721
% error: 69.3 xlOO = 3.9%
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C. Determination of Hot-Wire Anemometer Linearization Coefficients.

When calibrating probes according to the method discussed, 4 separate

pieces of data are collected and inputed to a computer. The 4 pieces of

data follow:

1. The barometric pressure
2. The pressure read off the manometer
3. The temperature in degrees Fahrenheit
4. The voltage across the probe, or the bridge voltage

The output is the original voltage with a corresponding velocity. A func-

tion can then be found to relate the velocity in terms of voltage from a

curve fit program. When the probe is in use then, the velocity of the flow

across the probe can be determined by plugging that voltage into the func-

tion found from the curve fit program.

Data for Calibration of Probe 10
Barometric Pressure = 747.74

Pressure Temperature VOl ts

0 74.5 2.03
.02 74.5 2.59
.04 74.5 2.68
.06 74.5 2.75
.08 74.5 2.80
.10 74.5 2.83
.12 74.5 2.86
.14 74.5 2.89
.16 74.5 2.92
.18 74.5 2.94
.20 74.5 2.96
.30 74.5 3.05
.40 74.5 3.09
.50 74.5 3.14

.60 74.5 3.18

.70 74.5 3.21

.80 74.5 3.24

.90 74.5 3.27
1.00 74.5 3.30
1.30 74.5 3.36
1.60 74.5 3.41
1.90 74.5 3.45
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2.20 74.5 3.49
2,50 74,5 3,51

1 2.70 74.5 3.54
W 3.00 74.5 3.56

i With the Temperature, Barometric Pressure, and Pressure from the Mano-

meter, a velocity is calculated which corresponds to a voltage but is not

dependent on it. So. at another time, a different velocity may be calculated

for the same manometer pressure due to changes in barometric pressure and

Itemperature, but the voltage would change also because of the different vel-
ocity. For these particular conditions, the velocity that was calculated is

shown below.

Volts Velocity

2.03 0
2.59 11.923
2.68 16.862
2.75 20.652
2.80 23.844

I2.83 26.659
2.86 29.202
2.89 31.542
2.92 33.719
2.94 35.763

F 2.96 37.696
3.05 46.166
3.09 53.303
3.14 59.589

4 3.18 65.272
3.21 70.495
3.24 75.357
3.27 79.922
3.30 84.237
3.36 96.022
3.41 106.500
3.45 116.027
3.49 124.821
3.51 133.027

3.54 138.222
, 1 3.56 145.663
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Linearizer: Setup and Procedure

The 1052 Signal Linearizer is a device which uses 4 coefficients to

straighten out a voltage-velocity graph. The calibration procedure usually

ends with the bridge voltage ranging from around 2 volts for zero flow to

about 3.5 volts for 150 ft/sec velocity. Normally, this range results in

a 4th power function relating the voltage and velocity. The linearizer

takes the inputed voltage, (in our case anywhere from 2v to about 3.5v)

and stretches it out over a range of 0 to lOv.

The main purpose of the linearizer is to give a graph which is easier

to read off velocities corresponding to voltages and to make it easier to

read electronic devices which would be monitoring the output signal, whether

linearized or not.

Procedure for Setting up the Linearizer

The coefficients that are used depend or the characteristics of each

probe and therefore are calculzted from a probe's voltage-velocity relation-

ship. The coefficients used here were calculated on a computer at the lab,

* utilizing aspects of the TSI program given in the handbook on the 1052

* I . Linearizer.

To begin, attach a digital voltmeter to the output Jack on the linear-
* izer. Turn the knob to OUTPUT. Under INPUT, turn the knob to COEF. SET

and then place all the toggles under POLYNOMIAL COEFFICIENTS in the neutral

position. Of the four coefficients calculated, check to see if all the co-

efficients are less than 10. If they are all less then 10, then put the

toggle under OUTPUT in the Xl position. If a coefficient is greater then

10 but less than or equal to 20 put that toggle in X.1 position. Take the
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I first coefficient, A, and place the A toggle in either the positive or

i negative position determined by the polarity of A. Then adjust the potentia-

meter corresponding to A until the number displayed on the digital voltmeter

is the same as the coefficient. When this is completed, return the toggle

to the neutral position and go to the next coefficient. Repeat all steps

I until all coefficients are set. Then place all toggles into the correct po-

sition whether positive or negative. A check at this point is to see if the

voltmeter is reading lOv. (Note: If toggle is in X.1 position then the

voltmeter would read 1 v.) The coefficients are now set. To set the span,

turn the knob under INPUT to either REAR or EXTERNAL. REAR is used if taking

Ivoltages directly from a probe while EXTERNAL is used when supplying a
voltage through a source. To check to see if the linearizer coefficients are

correct, supplying a voltage is the most efficient course. Put in the base

I voltage of the probe. This value should correspond to zero after lineariza-

tion. Adjust the output at the digital voltmeter until it reads zero by

41 adjusting the ZERO SUPPRESS. When zero is reached, then input full scale

voltage. A linearized signal of lOv should result. Adjust the SPAN (FINE)

until lOv is reached. For these purposes, SPAN (COURSE) is set at 3. Return

Ij to base voltage to see if the linearizer is still producing Ov. If not,

once again adjust ZERO SUPPRESS. Return to full scale voltage to see if the

linearizer is still producing lOv. If not, adjust SPAN (FINE). The linear-

izer is now ready for different input voltages. A graph of the linearized

I output of a probe's voltage follows as compared to the raw input data. The

* I calculated coefficients are also shown. This graph and the calculations are

for Probe 10. The program used to Calibrate first the velocity and finally

the linearizer coefficients is also shown.
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Computer Program

for

Hot-Wire Probe Calibration and Linearization
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0001 FTN,L I
0002 PROGRAM PLOT70, 1 AUG 79

0003 DIMENSION POWER (50), FLOW (50), CALFL(50), I
R(13), A(8.8), S(7).

0004 &WEIGHT (50)
0005 DIMENSION COEFF(5), ERROR(21), X52(8,8)

0006 DIMENSION IPAR(5), IB(5)

0007 DIMENSION X(50), Y(50), NPK(3), MAI(18,19),
WORK(l), IHLD(I)

0008 REAL MAT

0009 DIMENSION XCAL(23)

0010 DATA XCAL/0.,.75.3.,6.,9.,12.,15.,18.,21.,24.,27.,30.,39.,45.,

0011 &51.,60.,66.,75.,90.,105.,120.,135.,150./

0012 CALiL RMPAR(IPAR)

0013 LUI=IPAR(I)

0014 IF(LUI.EQ.0)LUI=I

0015 J.UO=IPAR(2)
0016 IF(LUO.EQ.0)LUO=6
0017 LUR=IPAR(3)

0018 IR(I-UR.EQ.0)LUR=5

0019 IF(IPAR(5).EQ.I) CALL PLTI-U(14)

0020 1F(IPAR(5).EQ. I) CALl, SFACT (9,6.5)

0021 IF(IPAR(5).EQ.I) CALL LLEFT

0022 IF(IPAR(5).EQ. 1) CALL PLOT (.5-.5,-3)

0023 I P=3

0024 CALL TODAY(IB(2))

0025 1B=22

0026 PS=.03611

0027 R=82.76

0028 CK=1.48

0029 ORDER = 4

0030 WRITE(LUI, 1045)
0031 1045 FORMAT(" ENTER PROBE ")

0032 READ(LUR,*)NP

0033 WRITE (LUO,I048)(IB(KK),KK=2, 12),NP

0034 1048 FORMAT(" SPLINE PROGRAM",6X, I1A2.
0035 &//" PROBE ", 12,/)

0036 WRITE(LUI,1055)
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0037 1055 FORMAT(" ENTER P(TORR)")
10038 REAI)(LUR,*)P

0039 WRITE(LUO,1066)P10040 1066 FORMAT(" P(TORR)= ",F7.3,/)
0041 010 DO 1,1=1,50
0042 IF(IPAR(4).EQ.)GOTO 1097
0043 READ(LUR.*)FLOW(l),POWER(l)

0044 IF(FLOW(1).EQ.77.)GOTO 1099
0045 GOTO 1098
0046 1097 READ(LUR,*)PRESS, TEMP, POWER(I)
0047 IF(PRESS.EQ.77.)GOTO 1099

0048 PSI=PRESS*PS
0049 IF(PRESS,EQ.0.)FLOW(1)=0.

0050 IF(PRESS.EQ.O.).)GOTO 1098

0051 FLOW( I)=SQRT((2.0*CK* R*32.2*(459.6+TEM P)/ (CK-1I.0))*

(1,0-(P* 14.7
0052 &/ 760.0/ (PS 1+(P* 14.7/ 760.0)))**(1 .0- 1.0/ CK)))
0053 1098 CONTINUE
0054 XP=FLOW([)*.04

0055 X(])=FLOW(1)

0056 YP=(POWER(1)-2,0)*3.

0057 Y(1)=POWER(I)

0058 IF(IPAR(5).EQ.l) CALL PLOT(XP,YP,1P)

0059 1IP=2

0060 1 F(1 PAR(5).EQ. 1) WRITE(LUO, i0I0)FLOW(I), POWER (1)
0061 1010 FORM AT(2X,FI 2.5,FI 2.5)

0062 1 CONrINUE
J0063 1099 CONTINUE
10064 IF(IPAR(5).EQ.1) PAUSE 0001

0065 N=I-I1 0066 N IK( I)=7
*0067 NPK(2)=7

10068 NPK(3)=N-13
10069 NX=3

0070) N NX= 18
.~ j0071 CALL SPLIN(X,Y,NPK,NX,MAT,NNX,WORK, IHLD,E)

-0072 1F(E.NE.0.)WRITE(LUO,1030)E
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0073 1030 FO R MAT(" E RROR It, V= F6.2)

0074 DO 1011 1=1, 12 
i

0075 1011 1 F(I PA R(5). EQl) W RIT E (L UO0,10 12)I1, M AT(I,I1)

0076 1012 FORMAT(2X,12,E12.5)

0077 1 P=3

0078 DO 1007 1=1,23

0079 XV=XCAL(1)

0080 FLOW(I)=XV

0081 CALL VALSP(XV,X,Y,MATr,NNX,YV)

0082 XP=XV*.04

0083 YP==(YV-2.)*3.

0084 POWER(I)=YV

0085 1F(I PAR(5).EQ. I) CALL PLOT (XI.P,P1lI)

0086 1 P=2

0087 1007 IF(IPAR(5).EQ. I) WRITE(LUO,1008)I,XV,YV

0088 1008 FORMAT(2X,12.F12.5.F12.5)

0089 NUMBER=23

0090 ZEROE=POWER(l)

0091 ZEROF=FLOW(I)
0092 DO 142 1=L.NUMBER

0093 FLOW(I)=FLOW(I)-ZEROF

0094 142 POWER(I)=POWER(l)-ZE ROE

0095 WEIGHT(1)=I00.

0096 WEIGHT'(2)=80.

0097 WEIGHT(3)=60.

0098 WE(iGHT(4)=40.

0099 WEIGH-T(5)=20.

0100 WEIGHT(6)=I0.

0101 N UMI=N UMBER- I

0102 DO02, I=7,NUMI

0103 2 WEIGH-T(l)=I

0104 WEIGHT(NUMBER)=100.

0105 1)03, I= 1, 3

0106 3 R(I)=0

0107 DO04, 1= 1. 2

0108 4 S()0O.

0109 ZI=0.

0110 DO05,1=1, NUMBER
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0111 R( l)=R(l) + WEIGHiT I

10112 R(2)=R(2) + WEIGHT(l)*POWER(l)
0113 R(3)=R(3) + WEIGHT(l)*POWER*(1)**2

0114 S(l)=S(l) + WEIGHT(l)*FLOW(l)

-0115 5 S(2)=S(2) + WEIGHT(1)*POWER(1)*FLOW(1)

0116 NI=1

I0117 22 L=Ni+I
0118 KI=L+l

0119 DO 7. I-I,L

0120 DO 8, J=I,L

0121 12 =J-I+I

0122 8 A(I,J)= R(l2)

0123 7 A(I, K1) =S(i)

0124 D09, I= l,L

0125 A(K1,I)=-1.

0126 K2=1+1
0127 DO 10OJ=K2.K I

0128 10 A(K1,i)0O.

0129 11 C=1./A(l,l)

0130 DO 13. 11=2, 1(1

0131 DO 14 J=K2,K 1.1

0132 14 A(I ,)=A( 1.J)-A( 1, 1) A(I,J)*C

0133 13 CONTINUE

10134 DO030 11=I, L

I0135 DO 31 J=K2. K I

0136 31 A(11.J)=A(11+I,J)

' "10137 30 CONTINUE
0138 9 CONTINUE
0139 DO 141, 1=I,L110140 141 X52(l.Ki-2)=A(1.KI)
0141 1IF(NI1-0 R DER)I17,23,23

~10142 17 NI=NI+I
0143 J=2*NI

0144 R(J) =0.fi0145 R(J+) =0.
0146 S(N I+1)=0.

10147 DO 211=l.NUMBER
0148 R(J) =R(J)+(POWER)(1)**(J-I)*WEIGH~T(I)
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0149 Rt(J+I)=R(J+I)+(PIOWIR(1)**J)*WEIGI1'r(i)
0150 21 S(N I+ 1)=S(NI1+ )+FLOW(I)* POW ER()**N 1)*WELG HT(1)
0151 G0 T022
0152 23 MLOOP=ORDER+I

0153 DO032 1=l.MLOOP

0154 COEFF(I)=A(1.KI)

0155 X52(l.4)=+X52(l.4)*(POWER(NU MBER)**(1.l))

0156 32 CONTINUE
0157 IF(IPAR(5).EQ.1) PAUSE 0002

0158 IP=3

0159 DO 112 JK=2. NUMBER

0160 VP=(POWER)(IK)+ZEROE-2.0)*3.

0161 CALFLQ=COEF(1)

0162 DO 113 1=2,5
0163 113 CA LFLO=CALFLO+COEFF()* POW ER(J K)*(-1)

0164 XP=(CALFLO+ZEROE)*0.4

0165 IF(IPAR(5).EQ. ] )CALL PLor(XP,YP,i p)

0166 IP=2

0167 CALFL(JK)=CAL.FLO* 10.1 FLOW(NU MBER)

0168 112 ERROR(JK)=(CALFLO-FLOW(JK))*I00.I FLOW(NUMBER)

0169 SPAN= 10./ FLOW(N UM BER)

0170 WRITE(LUO,151)

0171 151 FORMAT(/," MODEL 1052 OR 1072 LINEARIZER

COEFFICIENTS")

0172 AA=X52(2,4)*SPAN
0173 BB=X52(3,4)*SPAN

0174 CC=X52(4.4)*SPAN

0175 D)=X52(5,4)*SPAN
0176 WRITE(LUO,I031)AA

0177 WRITE(LUO,1040)BB0178 RITELUO,15011
0178 WRITE(LUO,1050)CC

0180 1031 FORMAT(" A= ", F12.5)

0181 1040 FORMAT(- B= '%F12.5)

0182 1050 FORMATlc" C= ", F12.5)

0183 1060 FORMAT(" D= ",FI2.5./)

0184 WRITE(LUOI070)
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* 0185 1070 FORMAI(" I FT/SEC VOLTS NORM V CALC V

UERR % WT")

0186 DO 35, 1=1, NUMBER

I 0187 FL=FLOW(I)*SPAN

0188 POWI=POWER(I)+ZEROE

0189 WRITE(LUO,121)1, FLOW(I),POWI, FLCALFL(I),ERROR(i),

WEIGHT(i)

0190 121 FORM AT(13,F8.2,4F8,3,F6. I)

0191 C IF(LUO.EQ.6)WRITE(LUO,1056)

0192 1056 FORMAT("T')

0193 C WRITE(LUO,152)

0194 152 FORMAT(/," THESE COEFFICIENTS ARE FOR A TSI
MODEL .SERIAL"/

0195 &" CALIBRATED OVER THE RANGE OF 0

TO IN AT PSIA"/

0196 &"AND DEG . THE BRIDGEOUTPUT WAS VOLTS AT ZERO

FLOW"/
0197 &"AND VOLTS AT FULL SCALE. THIS DATA SHOULD BE

USED TO SET"/

0198 &" ZERO AND SPAN.")

0199 1112 DO 1112 JK=2,N
0200 Y2=Y(JK)-Y(I)

0201 CALFLO=COEFF(I)

0202 DO 1113 1=2.5

4 0203 1113 CALFLO=CALFLO+COEFF(I)*Y2**(I-I)

- 0204 CALFL(JK)=CALFLO*10./FLOW(NUMBER)
;! 0205 ER ROR(JK)=CALFLO-X(JK))* 100./FLOW(NU MBER)

0206 WRITE(LUO. I 122)J K,X(J K),Y2,CALFL(J K),ERROR(JK)

0207 1122 FO R M AT(I 3,F8.2,3F8.3)

0208 END

0209 SUBROUTINE VALSP(XV,X,Y.MAT,NNXYV)

0210 DIMENSION X(I),Y(I),MAT(18,19)

0211 REAL MAT

10212 1=0

, i 0213 I F(XV,GT,X(7))I= I

0214 IF(XVGT.X(14))1=2

1 215 YV=O.

0216 DO 10J=4.,-I
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0217 10 YV= MAT[(J+4*1,I 1)+XV*NV
0218 1RETU RN

0219 END
0220 END)$
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I D. Transducer Calibration

Transducers are small sensing elements that detect pressure differ-

entiation. The end of a transducer contains a small crystal, electrically

connected, in contact with a metal diaphragm. With a change in pressure,

the diaphragm is pushed in which applies stress to the crystal. The crys-

i tal deforms because of the stress and this deformation causes a voltage to

occur across the electrical connection. From the manufacturer it is known

for each transducer what the relationship of millivolts per psia is, so

the value of psia can be determined when the voltage is recorded.

The transducers for this project were calibrated in the following way.

A cylinder with openings at either end and a port in the middle was used

as the pressure chamber. The port was closed. At one end, gas was pumped

in until a certain pressure was reached. At the other end, the opening

was opened which allowed it to go to atmospheric pressure. A transducer,

connected to an oscilliscope, was placed in at the end which was at atmos-

pheric pressure. Then, with the transducer end at atmospheric and the other

end at a certain pressure, the port in the middle was opened. The change in

pressure indicated by the transducer was recorded on the oscilloscope screen.

1 At .02 volts per division, the voltage produced by the transducer is found

and from there, the differential pressure is found. Ideally, the pressure

'I calculated from the transducer should equal the pressure of the end pumped

up with gas. Realistically there are differences.
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E. Flow Meter Calibration and Checkout

For measuring mass flow rate of the recirculating laser gas, a Daniel
electro-magnetic gas turbine meter (8" size Model No. 2000-0) was mounted

in the circulator. In order to ensure the accuracy of the meter, a test

series was devoted to perform a calibration process. In tlH- series, the

data collected from the Daniel meter in terms of pulses-per second (H2)

were converted intG mass rates of flow based on the conversion factor

furnished by Flow Calibration Facility of Daniel Industries, Inc.

The data from the meter were compared to the data obtained from the

Pitot-static tube inserted at the cavity section with reasonable accuracy.

The mass flow rate measured with the Pitot-static tube at the cavity section

was obtained through use of integral method for the velocity distribution

curve across the cavity section.

FiguresIV-2, Iv-3,andIv-4 show the relationships of pulse vs. diverter

5 • valve opening, and Pitot-static pressure vs. pulse obtained experimentally

from the calibration process. Three tesL series 13, 14 and 15 shown in

, figures demonstrate the repedtibility of the flow meter. Figure IV-5 presents

the velocity profile measured across the cavity center plane section by

j ithe use of the Pitot-static tube. It shows some slight variation in velocity

,. across the section, however, the average velocity obtained from the profile

through the integral method, made the comparison with the flow meter data

possible and verified the flow meter reliability and accuracy.
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F. Interferogram Analysis

I Laser cavities often use flowing gas systems. It is therefore import-

ant that the gas density be uniform if the laser light output is to be

I uniform. Systems using large electric fields must have density uniformity

or possible arching due to sparks could result.

To experimentally determine the laser gas density, and the uniformity

in any time frame of a laser pulse, interferometry techniques are used.

In the closed cycle circulator system, light from a ruby laser is used

to analyze the gas density. The end result is a photograph of the light

that passes through the laser cavity superimposed on light which bypassed

the cavity.

Disturbances of the system must be considered. Flowing gases through

the cavity, laser pulses, or electrical sparks in the cavity are all capable

of causing disturbances. After the disturbance another interferogram is

taken.

4The shift in the interferometric lenses of the two cases, before and

after the pulse, is a measure of the change in gas density. The change in

gas density is due to the sum of changes along the light path, which happens

to be the cavity length. The frequency of the interferogram light is not

always the same as the laser light in the laser cavity.

The uniformity of the laser intensity which is put out in a laser cavity

is partially dependent on the uniformity of gas density in the cavity while

the laser light is being produced. Gas uniformity within the cavity is ex-

Stremely important when working with high energy lasers. It is that deviation

from uniformity which is measured.
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Interferograms are a way of measuring the gas uniformity within the

laser cavity. The photograph provides a two-dimensional map of the gas

density at one point in time.

The computer programs employed can be divided into three sections:

the digitizing and storing of data, the analysis of the interferometric

data, which gives the gas density variations and quality factors, and

further analysis of the laser system using the gas density values.

*Photographs of interference lines, both a standard and an experimental,

are used as the basis in determining the amount of interference that is

caused by a disturbing system.

These photographs, along with other hard and software, are used to

determine variables in the system. These variables can be computed by

hand but because it is such a long and tedious job a computer program is

employed. The program used is a combination of many programs and subroutines

arranged by Dr. Arthur H. Werkheiser.

Using the Scriptographics tablet and cursor, a digitized interferogram

can be acquired. This is where the computer gets the data to work with in

its program.

The computer takes x-y coordinates it receives from the digitized in- I
terferogram and a two-dimensional plot of the data is generated.

Comparing the two digitized interferograms the computer can find the

line shifts and from there calculate gas density changes.

The computer now takes the data it generated and applies a five-point I,
co-location polynomial to calculate a smoothed interferograph line. It

then plots into the smoothed data and determines a tilt plane to be sub-

tracted out which will minimize the RMS sum of z values (z is the percent

density change computed).
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The program computes the Strehl ratio and the beam quality factor.

It then prints this information on the screen along with the tilt plane

parameters.I
These photographs or interferograms are essential to the computer.

J Using the Scriptographic tablet and cursor the interferogram is

digitized. Digitizing is a method of storing the x-y coordinates, which

makes up the interference lines, into the computer's memory banks.

Because of the way the program reads the x-y coordinates, the lines 'f

the interferogram must be read off horizontally. Vertical interference

lines must be turned around making them appear horizontal. After the

interferogram has been digitized the photograph is no longer needed ex-

cept for reference.

To digitize the photograph, the four corner points describing the

area are given to the computer by the cursor. Now that the area is

defined the interference lines can be given to the computer by way of

the cursor.

After the information has been stored, the computer is ready to

carry out further analysis.

The work done by the computer on these interferograms goes only as

far as the digitizing step.
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REFERENCE DATA

RESULTS: (A p/p )=RMS DEVIATION
= 0.002848

REFERENCE DT

RESULTS: (Ap/p )=RMS DEVIATION

INPUT DATA=0.107

GAS TEMPERATURE = 300'K; GAS PRESSURE = 760 BAR;
HELIUM FRACTION = 0.500: NITROGEN FRACTION = 0.333; CARBON
DJOXIDE FRACTION = 0.167; PROBE LASER WAVELENGTH =6940

ANGSTROMS; TEST CHAMBER LENGTH =45 cm; APPLICATION LASERK Y.ENkGTH = 10600 ANGSTROMS.

Figure IV-6 Interferograms.
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G. Operating Instructions for B&K Sound Measuring Equipment

Type 2305 B&K Recorder

Set switches to the following settings:

Potentiometer range dB - 50

Rectifier response - RMS

Lower limiting frequency HZ - 50

Writing speed - 60 mm/sec

Power - on

Motor - on

Paper drive - off, forward (two switches)

Paper speed - 3 mm/sec

jDrive shaft speed - 36 RPM

Input attenuator - 30 dB

Type 2010 B&K Frequency Analyzer

Set switches to the following settings:

Gain control - cal.

Readout selector - lin. (meter), AC (recorder)

Effective averaging time - fast

Selectivity control - 1000 HZ

*1 B&T program - B var. 1

5 Frequency scale - Xl log

* Frequency increment - 0

Sweep control - manual (initially only)

*1 ~ Set push button switches to the following settings:

Input - preamp

101
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Calibration - cal. off

Frequency response - linear

Meter and recorder - analyzer

To Synchronize Recorder and Analyzer:

1. Turn paper drive switch on recorder to start until

20 HZ line on paper lines up with pen.

2. At the instant it lines up, turn switch back to stop.

If 20 HZ line does not stop even with the pen, repeat

until it does.

3. On the analyzer, turn the big knob in the center until

the display reads 0.020KHZ.

4. Turn the sweep control switch on the analyzer to Ext.

Mech.

Microphone Calibration

1. Put male end of mike extension cable into socket marked

Preamp Input.

2. Plug microphone with preamp into the female end of the

mike extension cable.

3. Place the microphone into the end of the type 4220 B&K

pistonphone._1.,

4. On the analyzer, adjust the input section attenuator and

I'I output section attenuator to where the light below 120 i
comes on (on the meter panel). 1
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5. Turn the pistonphone on, meter on analyzer should read

4 dB.

6. On the recorder, adjust the input potentiometer knob

until the pen is on the 24 dB line (with the analyzer

120 light on, the zero line of the recorder is 100 dB,

so a reading of 24 on the recorder corresponds to the

124 dB input from the pistonphone).

7. Turn the pistonphone off, set the frequency response

push button on the analyzer to selective, leave it in

the selective position for all sound measurements.

8. Remove mike from piston phone.

To Make Sound Measurements

1. Install microphone in desired location.

2. Set input section attenuator and output section attenuator

switches to a position where the highest sound level will

be on the chart. The zero line of the chart is 20 dB

below the level indicated by the lights on the meter panel

of the frequency analyzer.

3. To begin sound measurements, switch the paper drive switch

to start. If sound levels go off the scale of the recorder,

then adjust the attenuators on the analyzer until the pen is

.3 on scale in a desired location.

4. To end sound measurements, switch the paper drive switch to

S I stop.
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V. Trial Test Series of the Closed Cycle Circulator (CCC) Systems
and Their Preliminary Results

Following the acceptance test run directed by Rocketdyne, Division

of Rockwell International which resulted in a month-long delay due to

major repair of the compressor, the CCC system became operational on the

first of June, 1979. The CCC system was operated for 31 trial test series

without the freon TA heat exchanger in operation because of the lack of

safety provisions approved by the Safety Office. On account of this de-

ficiency, the CCC system was not able to attain the specified temperature

level at the cavity throughout the test runs. A continued effort has been

undertaken to make thefreon TA heat exchanger operational by installing

two freon TA detectors and one oxygen detector in the building area where

the CCC system is installed as well as requesting installations of a

ventilation fan and a double-door in the building outside by the Post

Facility Engineer. As soon as all of the safety provisions are completely

installed, a series of trial test runs with all components of the CCC system

operating will be conducted to evaluate the performance characteristics

of the CCC system prior to the application of pulsed energy inputs at the

j cavity.

The trial test series performed to date represent an incomplete

evaluation of the CCC system performance from the viewpoint of fluid and

thermal characteristics of the recirculating flow of laser gas (N2 : C02:

He, 2:1:3:) mixture due to the absence of the LN2 cooling and the pentane

. iheat exchanger in operation. Temperatures at the cavity were never

lowered below 3000K (270 C), but the pressures were attained at the level
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1of 760 + 20 Torr during each of all test series as shown in Figures V-1, V-2,

and V-3.The continuing temperature rises and pressure falls at each of

1all stations (4,5,6,9,11) in the circulator as shown in Figures V-1 to V-3
during the continuous run of the CCC system indicate a definite heat im-

balance due to excessive heat input by the compressor and inefficient

1heat sink at the water heat exchangers. These phenomena can be theo-

retically approximated by the following differential equation:

dQ - dW dT - i dP (V-)
CT T y P
p

where Q denotes the heat transfer into the system, W the work extracted

from the system, T the static temperature, P the static pressure, and C

the specific heat under constant pressure, and y the specific heat ratio.

When the combined effect of (dQ - dW) is positive, dT should be positive,

i meaning a temperature rise where dP is negative, a pressure fall.

In Figures V-4 through V-7 temperature and pressure distributions along

the circulator loop for various mass flow rates in test series 12 and 13

are presented. Effects of the diverter valve are noted in Figure V-4 and

) i I -W at station 5 where the diverted flow at high temperature bypassing one

of the heat exchangers (WIx3) is returning to the inlet of heat exchanger

~ .. (Hxl). Figures V-5 andV- 8 depictthe pressure fall occurring for the

* :3 temperature rise in accordance with theoretical relationship represented

be Equation (V-l).-

These figures present typical distributions of temperature and

Apressure throughout the circulator loop of all test series conducted to
date.

The complete data of trial test series are tabulated and presented

in Appendix A.
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I
Sound Pressure Levels (SPL) in the circulator were measured with

IB&K instruments (Models 2035 and 2010) at pressure ports, PX9, PX7, PX6,

PX1, PX3, and PX4 for four flow rates, 0.19, 0.38, 0.565, and 0.755

ibm/sec, respectively. The same sound measurements were performed for

air and laser gas (3:2:1 - He :N2 :C2) recirculating separately in the

system, and found the SPL is generally higher for the laser gas flow over

the entire frequency spectrum.

Results of SPL measurements for the four flow rates of laser gas

I at the cavity (PX9) are presented in Figures V-8 to V-11 with both acoustic

1 attenuators installed about the cavity, and in Figures V+12 to V-15 without

the attenuators. To demonstrate the effectiveness of the attenuators, the

eight curves were matched into four pairs of SPL curves, and differential

SPLs with respect to the frequency spectrum were deduced for graphical

presentations in Figures V-16 to V-19. As noted in these Figures,

with exceptions in low frequencies up to 200 HZ, the high effectiveness

of attenuation specially in the high frequency range from 1000 to 20000

HZ was clearly demonstrated. The effect of flow rates on the attenuation

appear to be minor from the limited experiments.

Cleaning and Handling Operations of the Circulator

I JIn order to assemble and disassemble the circulator components of

considerable weight in a larger vertical space, three handling devices

J, were designed and fabricated by PDC Associates of Huntsville as shown in

if Figure V-20, a through f. Figures b and d depict views of the support

structures for three handing cradles. Close-up details of the cradle is

tshown in 0. A wheeled cart with elevatable top is shown inc . E and F• I
show the fall view and vertical view of the elevatable point support.
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Figure V-20. General views of handling devices.
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i The circulator was disassembled after the trial test series, and

the interior of all the components was cleaned by a professional purifica-

t ion f irm.

3 Great care was exerciseI in reassembling the circulator following

the component cleaning.

1
I
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VI Theoretical Consideration and Analysis

A. Preliminary Consideration of Relationships Among Fractional
Fluctuations of Flow and Thermodynamic Properties for Laser
Technology Applications

Based on the equation of state for ideal gases,

tP p= R (A-i)
pT

a differential equation of the thermodynamic properties may be derived,

dp + dT dP dp dP dT (A-2)P TfP- or-= T
P T7 P

where P denotes static pressure, T is gas temperature, p the gas density

and R is the gas constant.

When the thermodynamic process is assumed to be isobaric, dP = 0, thus,

SdT

p T

If the process is assumed to be isentropic,

dP -k dTP k-i T ,where k = specific heat ratio. (A-3)

Combining Equations A-2) and (A-3) yields

p k-iT (A-4)

and _ (-5)

Pl d

The thermodynamic properties in fractional fluctuations may be re-

lated in accordance with Equations (A-4) and (A-5), and furthermore, if

Ap, AT and AP are very small, then it may be approximated to show that
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Ap 1 AT(A-6)
p k-i T

AP and (A-7)

Iwhere k = - denotes the specific heats ratio.

Since all the thermodynamic properties are functions of Eulerian

space coordinates, X i and time, t, i.e.

p= p (X, t)

I P=P (Xi, t) (A-8)

T= T (Xil t0

The exact differential of any of the above quantities should consist

I of two temporal and spatial components. For example,

4 j dp- dt + -2- dXi (A-9)

ill and

dp =(dp)~ + (dp)x (A -10)

where ap dt - NOp denotes the temporal component, and
t

2 -P d =(dp) ,the spatial component.
ai Xi i,

Similarly, dP =(dP) t+ ()X(A-il)

IdT-(dT) t+ W)X(A-12)
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J Combining Equations (A-4), (A-5), (A-10), (A-il), and (A-12)

results in

-(dp)t 1 (d)t

p k-i (A-13)

and (dP)x (dT)xi
i= 1___ (A-14)

p k-i T

(d) t 1 (d0)t

P P

(dP)xl (dP)xl
1 _ 1 ( 

(A-16 )
p k P

Equations (A-13) and (A-15) relate the fractional density fluctuations

to fractional temperature and pressure fluctuations on temporal or time

varying basis, meaning that these differential components are determined at

a fixed position point while time elapses. In other words, these time

varying differential components are measured by a stationary sensor or probe

such as hot-wire probe or pressure transducer, at a fixed position point.

On the other hand Equations (A-14) and (A-16) show the relationships among

the fluctuations on spatial or freezer-time basis. In our experimental

analysis, regardless of steady or unsteady state, the spatial differential

components can be obtained by a technique of instant measuring and record- -
ing of the distribution of the properties, such as photographic technique

which is capable of freezing and picturing the gas property distributions

in a space.
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4 So far, only the thermodynamic properties have been treated with

the fractional relationship. However, in the laser gas dynamic involving

I
time varying velocity vector and acceleration vector, the fractional

density fluctuations can be related to fractional velocity fluctuations.

The continuity equation for unsteady compressible fluid flows is

I given by

at -aXVi ) (A-17)

or ! Vi (A-18)

and - = I dt (A-19)
P axi

For the sake of physical and mathematical simplicity supported by

experimental justifications, the flow is assembed to be one-dimensional,

unsteady, and compressible. Then Equation (A-19) may become

dp axI d- - = TX dt (A-20)

V and the momentum equation is given as

V + V IV 1 T (A-21)

at a-x x

and a p- 2 where a denotes the sonic speed.

(,

Combining Equations (1-20) and (1-21) yields

1 - !- (PV) dt = 1 '( ) dX +I -  dX+_jd (A-22)• P V at PV ax M 2 aX aX V

* PM

where M =V is the Mach number of the flow.
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Since Equation (A-22) consists of two parts separated by

variables of time and space, it may be implied respectively that

1 (pV) dt = 0 (A-23)
PV at

and

1 3 (PV) dX + L EdX + -V -4X (A-24)
PV ax PM 2 A XV

From Equation (1-23) it may be deduced that

p V

for time varying component,

and from Equation (A-24), the spatial component gives

(dp) M2  (dV)x
- m -- (A-26)

P 2+ V

th s smn the flow steady, Equation (A-26) becomes the only component,

MP _ ~ V (A-27)

However, in general application for unsteady flow of compressible

fluids

dP (dP) + (dP)x dVt M2  (dV) _ _ _ _

±__ t [IVt (A-28)PP LV (H7+1) -

132H



I
I

where (dV)t = -V dt and (dV)x =- dX

and (AV)t = -- At, (AV)x = -- AX

I also lim At =dt and lim AX = dX.

g At--- 0 AX--> 0

Examination of Equation (A-28) indicates that the fractional density

I fluctuation may be determined by measuring (AV)t by a stationary velocity

probe such as hot-wire or LDV (Laser Doppler Velocimeter) and finding

(AV)X by freezing the velocity field by some means of instant recording.

IIn view of the fact that the required AP/p for a particular laser

Imay be around 1 X 106 the commonly accepted assumption of incompressibility
for low Mach number flow may be shown to be inadequate for the laser flow in

i the cavity.
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B. Heat Transfer Characteristics of Army Closed Cycle Circulator

For High Energy Pulsed Lasers

Nomenclature

A flows cross-sectional area

C acoustic velocity

Ch = (m C)h hot laser gas flow capacity rate

Cc = (m Cp c coolant flow capacity rate

C specific heat under constant pressure

C stagnation acoustic velocity0

C C of coolant
pc p

D duct diameter

F frictional resistance per unit mass

f frictional coefficient

H overall heat transfer coefficient

k specific heat ratio

L duct length

L maximum duct length for sonic chocking occurrence in the duct
max

M Mach number --

M 2 Mach number at Section 2 for example

m mass flow rate

m A  mass flow rate in the main loop

mB  mass flow rate in the bypass loop

P static pressure

q thermal or mechanical energy efflux per unit mass

R engineering gas constant

134
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3 S tube surface area

T static temperature of coolant flow

T T. coolant temperature at heat exchanger inlet

T c° coolant temperature at heat exchanger outletU Co
Th  static temperature of laser gas flow

Thi laser gas temperature at heat exchanger inlet

Tho laser gas temperature at heat exchanger outlet

T0 stagnation temperature

To3 stagnation temperature at Section 2 for example

AT temperature difference between laser gas and coolant flows

across the tube

AT. temperature difference between the counter flows at heat
3-

exchanger inlet

AT temperature difference between the counter flows at heat
o

exchanger outlet

AT initial temperature difference between the counter flows in

the heat exchanger

t time

V flow velocity

V coolant flow velocity
C

V h laser gas flow velocity

W tube wetted perimeter

X one-dimensional space coordinate

p fluid density

P c coolant density

" j time duration for transient process

' I135
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Superscript

* fluid and thermal properties at the Mach number is unity

Circulator Systems Description and Specifications

The circulator system is shown schematically in Figure B-I and consists

of the following major components; a 150 horse power motor driven compres-

sor; a diverter valve and 4 inch (0.102 m) by-pass to permit varying flow

rates; a compressor exit heat exchanger; a Daniel flow meter; a cavity

inlet heat exchanger; a laser cavity; acoustic attenuators upstream and

downstream of the cavity; a compressor inlet heat exchanger; a pulsed

electron beam gun and laser gas excitation power modulator producing 50 kV

peak voltage and 1000 ampere peak current at a pulse repetition frequency

up to 125 pulse per second; an instrumentation system including data

recording and reduction; a control system for starting and stopping the

circulator operation; interconnecting ducts.

The compressor exit heat exchanger (Young Radiator, Model HF-803-DR-IP)

is a shell and tube design having overall dimensions of 8.38 inches (0.213 m)

in diameter and 27 inches (0.686 m) in length. Water is used as the coolant,

and the laser gas is single-passed in the counter flow direction in the

heat exchanger. The flow rate water of 4 Ib/sec (1.816 Kg/sec) is supplied

from a reservoir through a centrifugal pump with a temperature maintained at

about 540°R (3000K).

The pre-cooled gas then goes through the laser cavity inlet heat

exchanger (Young Radiator, Model HF-804-DR-lP) which is also a shell and

tube design having overall dimensions of 8.38 inches (0.213 m) in diameter

and 36 inches (0.914 m) in length. As before, the single-pass counter flow

136

.i!



'RF

~Z71

0)0

I I 4 IV0 0
I>

-4 -4 4

0U

13L4

00

1371



I

process is used. Freon TA is pumped as coolant at the rate

of 3.1 lb/sec (1.407 Kg/sec) to maintain the laser gas flow at the

00
temperature of about 360 R (200°K). The freon TA is returned to the

storage tank and cooled with a coiled flow of liquid nitrogen down to

approximately 2960 R (164°K).

The compressor inlet heat exchanger (Young Radiator, Model F-1002-

DR-lP) is of the same design as the other two heat exchangers with over-

all dimensions of 10.75 inches (0.273 m) in diameter and 18 inches (0.457 m)

in length. The coolant or water is pumped at the rate of about 2 Ibm/sec

(0.908 Kg/sec) into the exchanger at the maintained temperature of 540°R

(300°K). In all three heat exchangers tubing 3/8 inch (0.00953 m) OD brass

is employed to transport the laser gas.

IThe instrumentation system pertinent to this study consists of six

Kistler pressure transducers (Model 6602A) having a frequency response to

30 kH z for the measurement of unsteady pressures around the circulator,

six hot-wire anemometers (TSI Model 1050) for the measurement of unsteady

velocities and temperatures with a frequency response to 15 kH , twelvez

thermocouples (HY-CAL Model RIS-31-A-100-B-8-3-600) and nine pressure

transducers (Sanso-Matrix Model SP91A5.0) for measurements of steady flow

temperature and pressure in the circulator, respectively. The experimental

data collected are recorded in a multi-channel tape recorder (Bell & Howell

Model - VR3700 B) and then digitized for later reduction and analysis

through a computer (Model HP2100).

Specifications of the circulator system are presented in Table 1.
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Table B-i. Closed-Cycle Circulator System Characteristics

I tOperating conditions

Gas composition (nominal 3:2:1 mix)
Helium, mole percent 50.0
Nitrogen, mole percent 33.3

Carbon dioxide, mole percent 16.7
Mass flow rate, lb/sec 0.3 to 1.4
Pressure drop (maximum at 1.4 lb/sec) (psid)

Total loop (8.4)

Compressor exit heat exchanger 0.6

Flow meter 0.5
Cavity inlet heat exchanger 0.43

Cavity plus acoustic attenuators 6.0

Cavity exit heat exchanger 0.36
Compressor pressure ratio (maximum) 1.8

Compressor speed (rpm) 33,000

Laser cavity inlet temperature (OK) 200 to 300
Laser cavity pressure (psia) 15

Running time (sec) 60

Static conditions

Pressure

Maximum (psia) 30
Minimum (microns) 500

Coolant storage conditions

Water
Capacity (gallons) 110

Pump outlet pressure (psia) 35.1
Freon TA

Capacity (ib) 0 110
Pressure at 180 K (psia) 100

Theoretical Analysis

jFluid and thermal characteristics of the recirculating laser gasT Jflow may be analyzed by solving the following set of differential equations

i' of mass, momentum, and energy conservation for unsteady one-dimensional flow:

Continuity equation;

+ 2V V p +V dA

(1 139

yP4 _



Momentum equation; 1.

av av 1 DP
--t +VT + -T + F = 0 -2)

Energy equation;

a- + T C T (k-i) P (q + VF) =0 (B-3)
at at aX x

4f V2

where F = -- is the frictional resistance in force per unit mass.
D 2

The above equations account for the effects of friction and heat transfer

into and out from the gas as it flows around the circulator system.

The analysis of the complete circulator loop was divided into two

parts due to the nature of the problems to be solved.

A. Heat Exchanoers

The heat exchanger counter flow process, shown in Figure B-2 is modeled

by the following set of differential equations (2] for the assumpjtion ol

zero tube wall heat resistance and zero time varying wall temperature

gradient:

C h + C V . (B-4) "h at h h ax dt

aT DT

c at c 3 (L-X) dt

S HW (Th T) Vh or c (B-6)S"dt h Tc)h

The steady state temperature of the gas and coolant can be found from

the resulting closed form steady state solutions to Eqs. (B-4) - (B-6) I
Ch Tco Tci (B-7)
c Thi -Tho

14-.
€L

0" m.--- .. o -140w



I
1 d'1T' T = ' Th -T . +T HS

" c T hi co (B-8)
T hi - T h (Th o T hi)

A simultaneous solution to Eqs. (B-4) - (B-6) that accounts for both steady

and transient states in the heat exchanger is obtained for the following

boundary conditions:
AT - AT.

whenAT _A = 0.01 at X = 0

AT -AT

TS  T= 0.01 at X = L
S0

I b) when t = 0. AT - AT at 0 < X L.

j Thus, the solution in dimensionless form may be approximated,

IAT -4.6-AT. ( AT)L f -4.
AT e T+AT S AT. e (-9

I where T = 4.6 a (B-10)

AT = AT (X,t) = T - T (B-i)Su C
C pc

4H

AT = (Th Ti, s hi ci

ATi = (Thi - T ) in steady state (B-13)
0 h o co, ATo = (Tho -Tci)

I A simultaneous solution of Eqs. (B-7) and (B-8) will yield values of

Tho and T for given Ch, Ce, H, S, Thi, and T in steady state after
ho Co h9h' ci

t = T. process time constant for the transient state relaxation. The

variation of AT on X and T in the exchanger can be found from Eq. (B-9)

', for the Eq. (B-8) values of the steady state temperature distribution

and respective value of r.
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Figure B-2 Heat Exchanger Schematic and Temperature
Distribution

Laser Thi I T

coolant

c

Thi gas -t =0

flow

T Tcoolant
co

SInlet Outlet
(Heat Exchanger)

B. Flow Analysis

These equations for transient processes were used in a theoretical

evaluation of the recirculating gas transient fluid and thermal character-

istics of the other components to determine the dominant processes. This

evaluation showed the heat exchanger transient processes dominates those

transient processes occurring at other components of the circulator.

Therefore, by neglecting the transient processes at other components for

simplicity, the solutions to Eqs. (B-l) through (B-3) provide the required

steady state Information between sections around the circulator loop.
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The principal duct sections are shown in Figure B-3. Changes are made in

the state variables of the gas as it flows through the components located

I at tile duct sections junctions.

Figure B-3 Diagram of Circulator System Showing Duct
Sections, Principal Components and
Direction of Heat and Mass Flow

'kA + q V ; q
=  qo = q ±-LI

Diverter 0FoI Valve 2 Me_

2 1

-9Compres- q 12 5

p i:.'Inpract ice, the heat losses in the by-pass, duct, and short intercon-

I • " ' I'm ectng dctswas found to be relatively small, compared with the total

energy level in the flow in the ducts. This justified the assumption of

* I diabatic process with friction for ducts between Sections Q, and (

1 4;" and \'5,, 6" and 9(. , 8and @l), and ('9,)nd i .

~Equations to treat the flow in these sections are given below.

.HX

C I , , = V(B-14)
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+2

4fLL

1 fm ax
T L f dx (B-16)

max

4fL (4f-i '4f-mx)M (B-1.7)
D= D M 1  \D/

V 2 *

- 2  C k +] = __ (B-18)
2 2

P 2 1 I+ 2

2 k+ 1

T 2 k-1 2 
(B-20)

V kRT = (B-21)

c = kRT
0 0

With fluid and thermal characteristics at Section 17) given,

a conditions at Sections C2 can be obtained from the above equations.

Other duct Sections, for example Sections to r to '7

etc. can be solved using the same procedures as those presented above

for Sections U to C

The gas flow suffers a signifcant pressure loss as it flows through

the three heat exchangers. Here the effects of friction as well as
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heat transfer must he considered in the flow analysis. Combining Eqs.

I(B-1), (B-2) an H3 rslsi the following relationship:us g

0 0

4 3 fTIT + T ) f f D
0104T 031( 2

wher F -1+ 2 ) 1+k-i -2) (B-24)

0

-4 k-i -2
kM (1 + 2 M (B-25)

1 -

M + M
3 4M= 2 (B-26)

If = - in T(B-27)

T .+T

I;T = i C CO (B-28)

c 2

=T V4- (B-29)T04 T4 2C

1 1Eq. (B-27) is derived based on the Reynolds analogy between the friction

and heat transfer [3].

Other heat exchangers can be treated with similarity after first

I determining the inlet and outlet temperatures of laser gas flow at the

* heat exchangers using Eqs. (B-7) and (B-8).
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The compressor and laser cavity components are also similarily

analyzed except the change in the direction of the energy flux is made

and its magnitude is given.

Experimental Thermal Performance Data and Discussion

A. Heat Exchangers

The closed cycle circulator was designed and fabricated by Rocketdyne

Division of Rockwell International Corp. and delivered to Redstone Arsenal

in accordance with the Army specifications. A series of acceptance tests

were performed by Rocketdyne [4] to collect data collected for various

flow conditions. Some of the data was analyzed by the above methods is

presented in TableB-2 and is plotted in Figures B-4 and B-5. For the present

analysis of the data, Eq. (B-8) was modified!

AT. - AT

q=C ( -T 1 AT 0 HS (B-30)
h hoihiAT-

ln
0

Equation (B-30) was used for calculating the heat transfer performance

of the heat exchanger for given end temperatures, and heat transfer co-

efficient provided by the manufacturer and the specified tube surface

area.

The analyzed data presented in Table B-2 shows that as the mass flow

rate is increased, the heat flux is raised accordingly for compressor exit

and cavity inlet heat exchangers. While the trend is reversed for the com-

pressor inlet heat exchanger due to the effects from the diverter valve.

As the diverter valve reduces the gas flow into the cavity, an increasing

fraction of the high temperature gas flow is diverted through the 4-in

by-pass pipe directly into the compressor inlet heat exchanger, causing

the adverse effects.
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Evaluation of the analyzed data shows that only minor adjustments in

the manufacturer's given heat transfer coefficients were required to verify

the theoretical results from Eqs. (B-7) and (B-8). This evaluation verifies

that these equations are a useful tool for first order trend predictions

and early system design.

Figures B-4 and B-5 depict measured pressure and temperature distributions

around the circulator. The distinctive effects of the cavity inlet heat

exchanger operating with freon TA as the coolant is clearly noted. When the

cavity inlet gas temperature must be maintained at approximately 360 0 R, the

cavity inlet heat exchanger is required to extract nearly 100 BTU/sec of

heat flux from the gas flow, while the compressor inlet heat exchanger

(HXIII) is shown to add heat flux of more than 30 BTU/sec into the

laser gas flow as listed in Table B-2.

When the diverter valve is shifting a major portion of gas flow into

the bypass loop, supplying only about 10 percent of the flow into the

cavity, HXIII carries a main load of heat extractions from the gas flow and

HXI and HXII function only in a minor way in keeping the heat balance as

shown by the heat flux, q, in Table B-2.

These steady state experimental data of temperature and pressure for

four flow rates with and without HXII in operation withfreon TAare compared

with the results of theoretical models delineated in Eqs. (B-13) through

(B-29),and are shown in Figures B-4 and B-5. Excellent agreement between the

experiment and theory was noted after proper adjustments of friction and

heat transfer coefficients were made in the theoretical model for m = 1.4 Ibm/

sec, therby verifying the theory and providing a tool for accurate predictions

of fluid and thermal characteristics of the recirculating flow. This tool
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is then directly useful for developing scaling: laws in the engineering

design of larger circulator systems based on the principle of similitude

treating the theoretical model through dimensionless parameters.

Experimental analysis of transient flows has been initiated and yet

to be completed in the near future; therefore, comparison with and verifi-

cation of the theoretical model are not presented in this paper.

Conclusions

Theoretical models depicting the steady and transient states of

recirculating flows in the closed cycle air circulator are presented.

Based on the limited experimental data collected to date, the steady

state theoretical model was compared with experimental results and was

satisfactorily verified. Since the models were developed in terms of

dimensionless parameters, it has been shown that the scaling laws estab-

lished through this study with the small scale CCC system is applicable

for designing a larger scale CCC system.
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I
C. Results of Unsteady Flow Analysis in the Cavity Region

by the Method of Characteristics

Since detailed descriptions of the computer code are based on

g the method of characteristics which are capable of solving unsteady

gasdynamic problems of a one-dimensional nature in the cavity region

with a pulsed energy input have been presented in previous reports

in 1978 and 1979, only a typical set of results from the computer-

assisted calculations of the flow field is presented in this report

jfor the purpose of demonstrating the capability and limitations of

the computer code.

IThis set of results takes into account the present cavity

dimensions (5 cm x 5 cm x 25.9 cm) with a pulsed energy input of

16.5881 BTU per cubic ft.

Spatial distributions of velocity, pressure, density and tem-

perature for seven time frames from the instant of energy input are

plotted in Figures C-1 through C- 12. Temporal distributions of

velocity, pressure, density and temperature for five sections in the

,I cavity region are presented in Figures C-13 through C-22.

1 These Figures depict abrupt changes in flow and thermodynamic

properties along flow passages upstream and downstream of the cavity

for given time frames following the input of pulsed energy, as well

as time-dependent variations of these properties at given sections

along the cavity ducts.
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D. Unsteady, One-Dimensional Flow Calculation

The equations of continuity, momentum, and energy for a com-

pressible one-dimensional flow are

+ P u + u 2E + 0 j

_L __ Z u (D-)

3+ u Lu+ .1_P+ -- 0 (D-2)

at - 2 u P _ Cf (K-i) P (q+-) =0 (D-3)

where the unknowns are the density (p), the velocity (u), and the

pressure (P) which are functions of position (X) and time (t). The flow

is influenced by the friction coefficient for the flow (f), heat

addition (q), the cross-section area (A), hydraulic diameter (D) and the 7

physical properties of the gas represented by the speed of sound (C) and

the ratio of specific heats (k).

To solve this set numerically, a finite difference method was chosen in which

the spatial derivatives are replaced by centered difference formulas of

the type $

u 3' hn n+l - n-l -4)I

where (3u/aX)n is approximation at point n to the derivative. The time .

derivative is taken to be a backward difference given by for example,

(at) u (t) - un (t-At)(D-5)

The above methods were applied to the governing equations to produce
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I a set of 3n equations In 3 n unknowns where n is the number of nodes

i in the system. The continuity, momentum, and energy equation at an

arbitrary node is given by

Rn 1 (t) i (t-At) u(t)jn+1 n- i
1 A n At n + - X-IJ

-Xn+l -x

I u( - u(t 1 P(t) Ut) An+ - A 1
+ Pt) Xn+i -1 ni+ n A [ n n- 0

n n Xn+l- Xn-I

=~n .t nl ut) - 'U(tAt) + u(t) r+X---+ [ u 1~~ tnn L - XniJ~l

I+ 1r p(t) - u t)n-P-tl f 2L (D-6)

t - if( - -

n = p(t) - - p(t-At) + u(t)

At n At n n n J
C t(t) - (t)

)] - n--

R n 1t [(t) -P 1 t- At). + 2 u(t) n+i n-i)

3 nn+i - J
A ,_pt qn t n n n ] - Xn+1--1)

-(k.- ._) q( t)+ n _ = 0 (D-7)
n n ti Dn (Xn-il -1

4 The equations are seen to be non-linear which requires that an iterative

A ! method be employed. A Newton Raphson method was selected in which each

n
residual, Ri is differentiated with respect to the 3n unknowns, giving

the following set of equations, in general,
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nL
aR ~ )+ 6u) + _~ (SP + *..+ -!(6~P

+ p a n n

n n

+( u) +-~ (61'P R (D-8)
n n

The values of the unknowns are corrected after each iteration by the

solutions obtained for the above system of equations where

j)(t) = Pn 0 i-)(t) + 6P (j-l) (D-9)n( n) -
u (j ) (t)= - ) (t) + 6 u ) (D-1O)
n n n)

P()()= (J1(t) + 6Pn (DjI

where j represents the iteration cycle. The above method requires that

the values of the unknowns be given for the previous time step at t-At. J
To test the above numerical method, a 3 node circulator system was

developed as shown in the Figure D-1. The areas were taken to be the same

and no heat was introduced. An initial velocity of circulation of

I m/sec was imposed. The solution, shown in Figure D-2phows a decay of

velocity as a function of time. All three nodes showed the same velocity

history with no changes in density or pressure.

The numerical method described above appears to be stable and will

be applied to more complex problems in the future.
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SECTION 2

SHORT WAVELENGTH RESONATOR ANALYSIS

VII. Iterative Ray-tracing Computer Code IRAYT

Introduction and Summary

A general discussion of the iterative ray-tracing code IRAYT, a

presentation of some of the details of the approach, and results of

numerical studies and corresponding closed-form analyses of certain

aspects of unstable resonators as they apply to excimer lasers will be

given in the following pages. A parallel, but briefer, presentation

of this material is given in another section in the form of "telegraphic"

summary statements. 1
The need for an iterative ray-tracing code, which grew out of the ]

quite different range of values of Fresnel numbers of typical excimer

lasers as compared to other gas lasers, is first given. A discussion I
is then given of the desired basic features of such a code, which guided 3]
the development of various portions of the computer program. A number

of features are presumably unique, since previous ray-tracing programs 1

have been non-iterative and concerned with imaging problems. In particular,

suitable interpolation schemes and other details are necessary in order to

carry out iterations, and techniques were required for evaluating the

magnitude of various aberrations and other quantities for successive

, Iiterations. The latter evaluations permit one to compare numerical ray-

tracing predictions of various properties, such as wave-front curvature, on

successive round-trips through the resonator with results of closed-form I
• analyses which are worked out herein for some cases.

I

LI."
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VI

in most of the discussions, it is tacitly assumed that we are

I concerned with positive-branch unstable resonators. Presumably the

methodology and several of the closed-form analyses also apply to

I negative-branch resonators, however.

A moderately detailed presentation is given of the method which was

adopted for tracing individual rays. This material is germane to material

presented later regarding optical aberrations in excimer lasers and their

connection with the conic parameter K which appears in the surface

function used in the ray-tracing scheme.

One of the features of the code is the possibility of starting a

wave which is tilted with respect to the optic axis and can have wave-

front curvature, then following the radiation through successive round-

trips and obtaining successive numerical values (by least-squares-fitting)

of the tilts and curvatures of the wave. The proper functioning of the

computer program in such respects can be tested by comparison with pre-

dictions of closed-form analyses. A closed-form analysis is given of the

* 4 effects of tilt of the resonator mirrors on the tilt of the wave after

one or more round-trips, and it is noted that numerical tests with IRAYT

were in good agreement with the analysis. By including an infinite

1 number of round-trips in the closed-form analysis one can predict the effectJ
of tilt of each of the mirrors on the tilt of the converged output of a

resonator, that Is to say on the resulting rotation of the optic axis. The

equations so derived are found to agree with those predicted in a quite

I different manner by other workers.

In a somewhat similar vein, a closed-form analysis is given of the

effect of perturbing the spacing of the mirrors from their confocalK1. 181



position.With the assumption of a collimated starting beam, a first-

order derivation is given of the effect of a small perturbation of the

mirror spacing on the radius of curvature of the output beam after one

or more round-trips. Calculations were made with IRAYT, with results

which agree quite well with the closed-form predictions. If the analysis

is extended to an infinite number of round-trips, one obtains an

equation for the predicted radius of curvature of the converged output

beam from the resonator. The equation agrees with that given earlier by

Ananlev.

A good deal of attention has been paid to the spherical aberration

of the output wave which will result if spherical mirrors are used in -

configurations with beam apertures which are relatively large compared

to mirror spacing, since such configurations may be desirable in excimer

lasers. The spherical aberration associated with one mirror, for example

the primary mirror of a resonator, is of course well-known, but is re-

derived for completeness. It happens that the spherical aberration

produced by the secondary mirror of a positive-branch confocal unstable

Sresonator, as considered here, tends to partially cancel the aberration

produced by the primary mirror. Equations are derived giving the magnitude

of the net spherical aberration, for a single round-trip, as a function of

the magnification and primary mirror curvature and, separately, as a 3
it function of the magnification and the mirror spacing. Several IRAYT cal-

culations confirmed the analysis. By summing the effects of an infinite

number of round-trips through the resonator, we obtain values of the multi-

pass spherical aberration.
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I

The simplest single measure of the deleterious effects of de-

3 parture of the output wave of a resonator from the desired uniphase

behavior is the root-mean-square value of the phase deviations over

Lhe output plane or, equivalently, the root-mean-square value of the

optical path difference. The value of this parameter, the RMSOPD, re-

, suiting from spherical aberration is worked out, and comparisons are

given of closed-form predictions and numerical results of IRAYT. The

agreement is only fair for relatively small numbers of mesh points, but

becomes satisfactory for larger numbers of mesh points.

The spherical aberration inherent in a confocal resonator with

spherical mirrors can of course be removed by modifying the figuring

of one of the mirrors. We have considered the case of adding a

correction of fourth order, i.e., of the form a2 (X2 + y2) to the

surface function of the secondary mirror. This is readily done in the

IRAYT code by simply reading in a suitable value for the appropriate

aspheric coefficient. A numerical case was worked out in closed form,

and the same case was run with the IRAYT program,with results that

4 agreed quite satisfactorily.

-! Elimination of spherical aberration can of course be accomplishedi f,

I 1by use of parabaloidal mirrors, though this may entail complexity of

fabrication. We have considered the possibility of eliminating the

fourth-order aberration by choosing suitable values of the conic co-

efficient K of each of the mirrors. From the derivation it follows

4. that it is only necessary to choose the conic coefficients of the two

" J mirrors such that their ratio equals the magnification M. A pair of

parabaloids (K f 0 for each) is then one special case. There are also
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L
special cases for which one of the mirrors is spherical, i.e., has

a K value of unity, while the value of K for the other mirror is M

or 1/M.

Having determined the above criterion for a combination of a

spherical and an ellipsoidal mirror, one needs the relationship between

the conic parameter K and the ellipticity e. This is worked out and

found to have a rather simple form.

Some numerical investigations of fourth-order aberrations are

discussed. These included the case of a fully decentered alignment,

for which the RMSOPD was much worse than for centered alignment, as

expected.

Having determined that spherical aberration may be quite pro-

nounced for certain designs utilizing spherical mirrors and that such

aberrations can be eliminated by various non-spherical-mirror arrange-

ments, we consider possible residual aberrations resulting from de-

parture of the actual resonator from ideality. Such departures include

increments in mirror spacing as compared to the idealized confocal value,

as well as mirror tilts. A brief discussion of this problem of sensi-

tivity to misadjustments is given, including numerical examples. The

* iconclusion drawn here is that fairly extensive studies of misadjustment

sensitivities should be made for major candidates for excimer resonators.

A The numerical calculations with IRAYT should be relatively straight-

forward.

*184
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Need for an Iterative Ray-Tracing Code

Since the advent of large-scale computers, it has been recognized

that numerical ray-tracing is an efficient method for assessing optical

Squality of imaging optical systems. Large-scale computer codes have

I been prepared for this purpose. An example is the POLYPAGOS1 code

prepared at the Aerospace Corporation. So far as is known, all such

Scodes have been of non-iterative (i.e., single-pass) type, since the

properties of interest have all been those of conventional imaging

l optical systems, not those of optical resonators. The geometric-

optics approximation which is necessarily involved in such codes is

generally well satisfied for imaging systems, for which the Fresnel

Inumber is large.
Laser resonators are, in general, quite different from imaging

systems. In particular: (1) by their very nature, resonators involve

feedback of a part of the radiation and hence any numerical calculation

must involve a criterion of self-consistency, usually achieved by

iterative calculations, and (2) for most lasers which have existed until

recently the combination of at least moderately small transverse

,i dimensions and moderately long wavelength was such that Fresnel numbers

were fairly small and hence wave-optics calculations were required.

.* Consequently the computational modelling of transverse modes in laser

* Iresonators has until recently involved iterative calculations of wave-

optics type, with iteration continued until a condition of self- con-

i sistency has been achieved to within a reasonable tolerance. The wave-

7 1 optics calculations of propagation have been carried out by a variety

of approaches, including in particular (1) direct numerical evaluation

of Fresnel integrals which describe the propagation, (2) finite-

_ _ _ _ __ _ _ _ __ _ _ _



difference solutions of the reduced Maxwell's equations, and (3)

treatment of propagation by Fourier transforms, using the efficient

FFT computer algorithm. Regardless of the particular method used, all

such calculations necessarily involve use of a transverse grid with

spacing of mesh points small enough to represent reasonably well the

ripples in the transverse distribution of the optical amplitude and

phase. This requirement translates into a requirement that the number

of mesh points in each of the two transverse dimensions be at least

comparable in magnitude to a suitable Fresnel number of the system.

For a typical CO2 resonator we might consider a beam half-width of

a - 5 cm. a mirror spacing of L = 300 cm, and a wavelength of about

10- 3 cm, corresponding to a tube Fresnel number of 83.3. For a full

two-transverse-dimension calculation, this imposes fairly stringent

requirements, but they can be met moderately well using a 128 x 128

or 256 x 256 transverse grid. Of course, for a one-transverse-

dimension approximation, it is easy to use 512 or more mesh points,

* and hence to very readily predict detailed diffractive structure of an

empty-cavity mode of such a resonator.

It appears that for the desired types of high-energy excimer lasers,

the resonator will have transverse dimensions which are fairly large,

having perhaps a full width of 50 cm, while of course the wavelength

is fairly short. We will consider the wavelength X = 0.351 x 10-4 cm.

* If we take a = 25 cm, L = 300 cm, we obtain a tube Fresnel number of

50.6 x 10 . It is clear that the optical behavior of such resonators

with Fresnel number of the order of 105 will be quite different from

that of resonators with Fresnel number of the order of 102. Clearly itI
will be entirely impracticable to do wave-optics calculations with mesh
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points numbering 105  in each transverse dimension, and hence some

Iother approach is necessary. At the same time it appears that diff-

ractive effects are likely to be much less important than for the former

class of resonators, and hence a geometric-optics approximation is

likely to be suitable. Of course, a geometric-optics treatment will be

adequate for handling various perturbations of the wave front only if

such perturbations have a spatial size such that the associated Fresnel

number is greater than about unity; that seems likely to be the case for

most perturbations.

We have just argued that for typical excimer resonators, wave-optics

calculations are not necessary, but geometric-optics treatments may be

quite adequate. But of course it is still necessary to satisfy the self-

consistent requirement which is the essence of a resonator, and the

obvious way to achieve this is by iterating the calculations. This line

of reasoning shows the need for an iterative ray-tracing computer code,

a need which we have attemped to meet with the IRAYT code to be

described below.

I1

I
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I

Desired Basic Features of Iterative Ray-Tracing Code J
The intended function of the computer code is, of course, to

determine an optical field which is self-replicating to within a

multiplicative constant on each round-trip through a resonator,

much as for a wave-optics resonator code. Of primary interest are

unstable resonators arranged to produce an essentially collimated

output. The most common cases of interest are simple two-mirror

standing-wave designs in a confocal arrangement, but it is desired

that the code be sufficiently flexible to handle a variety of

possible designs which could include, for example, ring resonators.

The self-consistency (self-replicating) property is expected to be

obtainable by starting through the system a wave which has, to a fair

degree of approximation, the general features of the final self-

consistent wave, then calculating its passage through the optical

system, and iterating the calculation until self-consistency is

achieved. It will be convenient to start the wave in the portion of

the system where a quasi-collimated beam is expected, though this is

not essential. It can be shown that if the starting wave has a small

tilt relative to the optic axis, the tilt will be reduced with successive

passes through the system. Similarly, if the launched wave has a

curvature (whether zero or otherwise) that differs from that for a self-

consistent solution, the curvature will be modified on successive

passes so as to converge to the self-consistent value.

The present approach of course employs the geometric-optics

approximation. It is assumed that a surface of constant optical phase

is orthogonal to the set of rays, the behavior of which is calculated
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from geometric optics. That is to say, the rays are assumed to propagate

along straight paths in a vacuum and to obey simple rules of reflection

at a mirror surface. Attention is here being limited to reflective

elements only because of the intended applications. Extension of the

code to include refractive elements would be quite straightforward.

The desired output of a resonator is, of course, a wave with

simple properties such that it can be propagated over great distances

and focused so that most of the energy falls onto an area whose

minimum extent is determined by wave optics, i.e., the central bright

zone of a Fraunhofer pattern. Deviations of the output wave from

ideality of course reduce the amount of energy falling within the

central far-field region. One convenient measure of the optical

quality is the ratio 1/10 of the actual intensity I in the center of

the far field, with the results of deviations from ideality taken into

account, to the central intensity 10 which would be achievable with an

ideal beam. An ideal output beam of zourse has uniform intensity over

the unobscured output area, and has constant phase over a plane or a

surface with slight curvature. In general, departures from uniform in-

tensity are not as deleterious as departures from uniformity of phase,

hence we will limit attention to the latter. For relatively small de-lparture from the desired uniphase property, the reduction in central
far-field brightness varies in a simple (namely exponential) manner with

the root-mean-square (r.m.s.) departure of phase from ideality. We let

A 0rms denote the root-mean-square value of the incremental phase, in

radians,of the optical field. It can be shown that

1 2 2g !_Z exp(- A ) Z 1 - A 0r

10rms rms;

In the present, geometric-optics, approach the incremental phase
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4V -, t r<



is simply calculated as a ratio of an incremental value AZ of the 1.
total length of a ray and the optical wavelength, i.e.

A = 2 nAZ

One of the principal results of the code is a table of the values of

the optical path differences (OPD's) AZ associated with the various rays

which are traced through the system. This table can be printed out

numerically, of course. A more convenient form of output of this array

consists of a simulated interferogram, generated by printing alphabetic

characters or blanks. In addition, the root-mean-square value of AZ

over the entire array is calculated on each iteration and printed. Also,

the corresponding value of I/I 0 defined by the exponential equation above

is printed.

Other measures of output optical quality, in addition to the table

of values of AZ, etc. mentioned above, include the results of a least-

squares fit to the two-dimensional table of AZ by a set of functions

representing some of the primary aberrations, e.g., tilt along each of

two axes, sphere, cylinder. As an optional feature, it is possible to

evaluate the r.m.s. value of AZ after subtraction of the effects of a

specified number of the aberration functions from the least-squares fit.

ecIn order to perform iterative calculations, it is necessary after

each round-trip through the system to interpolate along the transverse

coordinates x and y to find starting values for the next iteration of

several parameters associated with each starting ray. The parameters

include the direction cosines of the ray and the cumulative value of the

optical path difference. The interpolation is carried out by a third-

order Bessel interpolation scheme along each of the two transverse

coordinates.
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I
Method for Tracing Individual Rays

I At any given stage of a ray-tracing procedure one has available the

position of the last point of intersection with a mirror surface and the

direction cosines of the ray after that reflection. One then proceeds

to find the point of intersection with the next optical surface and,

following that, the direction cosines of the ray after reflection. In

general, the equations and numerical procedures are considerably simplified

(at least for reflecting surfaces which are surfaces of revolution) if the

calculations can be performed in the natural coordinate system of the mirror

I considered, such that the z-axis is along the axis of symetry of the mirror,

But naturally the various mirrors may in general be oriented with respect to

one another in various ways. It thus becomes necessary to perform coordinate

transformations (translations and rotations) in proceeding from one mirror

Isurface to the next. There Is some latitude in the choice of a method of

jspecifying the position and orientation of the various mirrors. We have

elected to specify by input data the position and orientation of each

j ]mirror relative to a fixed, "absolute" (or laboratory) reference system.

1 While this may seem an obvious choice, it is notable that the POLYPAGOS
1

t 4code is based on specifying the position and orientation of each mirror

relative to the coordinate system of the last previous mirror. The

coordinate translations are, of course, trivial. The rotations are

*1 relatively straightforward but do require caution in reversing the order

of rotation in performing an inverse rotation of angles. In preparing

to calculate the point of intersection with a mirror, one first performs

the "direct" transformation (subroutine TFDATR) which involves rotation

first about the y-azis through an angle ey, then performs a rotation about

• I
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the new x-azis through an angle ex . After finding the point of inter- 17
section and direction cosines of reflected ray in the coordinate system

of the mirror, an "inverse" transformation (subroutine TFIRTA) is per-

formed which involves rotation first about the x-azis through an

angle (-0 ). For many applications, of course, one or both of the
x

rotation angles are zero; to save computer time, tests are made such

that no rotational transformation is made at all when the corresponding

rotation angle is zero.

Coordinates of the point of intersection of a ray with a mirror, and

direction cosines of the reflected ray, are calculated in the natural

coordinate system of the mirror, using a subroutine INTREF (mnemonic

intended to represent "intersection and reflection"). The equations and
2

methods are very similar to those proposed by Spencer and Murty. For

convenience we have used notation which is almost identical to theirs,

although some of the variable names in thE computer program correspond

to other terminology. The surface of the mirror can be represented by
S 21

FOx,Y,z) - z - c 2  aip 0. (vII-l)
1+ -CP2)

Here we have

P 2 . (X2 + y2).

The coefficients a permit representation of surfaces more general than

rotated conic sections. (In the code, they are named CASPH as a mnemonic

for "aspheric coefficients"). In most of the discussion to follow it will

be assumed, for simplicity of terminology, that the ai are all zero. The

equation then represents revolved conic sections. The vertex curvature is

c, and the conic parameter K determines the type of conic section, in

accordance with the table below.
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I
Types of Surfaces Associated with Various Values of K

Range or Type of Surface
value of K

K < 0 Hyperboloid

I K = 0 Paraboloid

0 < K < 1 Hemelipsoid of revolution about major axis

K - 1 Hemisphere

K > 1 Hemelipsoid of revolution about minor axis

The partial derivatives of the surface function are needed. They

can be written as

F 3 X E,

F -F Y E, (VII-2)

F aF
z 3z ,

where

1. E- C 2 (J-1).

( - Kc2p2) J 1

For cases where the coefficients a i (representing departure from a

conic surface of revolution) are all zero, we may use the simpler, but

equivalent equation:
F(X,Y,Z) - Z - z2).-3)

We then have

FX a-cX,

M F =-cY, (VII-4)

Fs - 1-K C Z.
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(It may be noted that in the computer program we have adopted the [
opposite convention of sig regarding vertex curvature; the above

equations are deliberately kept in the same fos an those of Spencer

and Murty).

To determine the point of intersection of a ray with the given

surface, we wrice the equation of the ray in parametric form:

X X + k a,

Y " ¥ + 1 s,(v-)

Z-Z +Ma.
0

Here (k, 1, m) are the direction cosines of the ray (note that here

k has an entirely different meaning than the K in the equations above).

(In the code Al, BI, and CI are used instead of k, 1, m,and TPAR as a

mneonic for "t-parameter" is used instead of s). Here XO, 0, and Z0

represent the coordinates of the last point of intersection. One method

of approach would be to substitute the above parametric equations into

the surface equation and attempt to solve directly for the parameter s. -o

Instead we use the Newton-Raphson iterative technique. As the first

approximation s to the value of s, we calculate dimply the dii fice to

the plane Z - 0, which gives

z 0_ (Vii-6)

For successive approximations we put

F(X ,Y ,z )5j~l J SjJLL (VI-7) p
J+ FI(XjYJZj) .

A..
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where

X. = 0 + k sj,

I Y.=Yo+ I s.
*J 0
_ J 0 + j

Z. =Z + m s.0 3*

The iterations are continued until the magnitude of the next increment

I to the parameter s becomes less than a specified tolerance, i.e., until

js0 - Sl < C.I i
In order to calculate the direction cosines k', 1', m' after

J reflection, we first determine the cosine of the angle 0 between the

incident ray and the surface normal:
(k F + 1 F + m Fz .

Cos = F y Z) (VII-8)
FT

where

F = (F 2 + F 2 + F 2 ) .T x y z

T "Now the law of reflection can be expressed by saying that the unit

vector normal to the surface is geometrically midway between outward-

pointing unit vectors which are parallel and antiparallel to the in-

coming and reflected rays, respectively. That is to say

where e and e' are unit vectors along incident and reflected ray, n is the

unit vector normal to the surface, and A is a constant. Now the

X • magnitude of the component of e or e' along the surface normal is just cos ',

nmd hence the value of A is just (-cos 0). Thus we have that.4
e' =e 2 n cos 0. (VIl-lO)
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The unit vector n can be expressed as

I (F Fy, F).
FT x y z (VII-If)

Tl

We can then put

F
k' = k - 2 cos - ' (VII-12)FT

l' = 1 - 2 cos , (VII-13)
FT

F
m' m - 2 cos e-0 . (VII-14)

FT

This formulation and its embodiment in the IRAYT code were checked

in various ways, including comparison calculations with a desk calculator

and comparison to results of a previously prepared computed code which

treats the special case of spherical mirrors (at possibly large tilt

angles) by a different scheme.

I
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Effects of Mirror Tilts on Tilt of Output BeamI
We consider first a tilt'of a small amount 0 (we arbitrarily

I choose 0 rather than e for the present discussion, but tests were
x y

run for both rotations) about the x-axis applied to the primary mirror.

IWe assume a collimated beam incident on the secondary mirror. The

output beam after a single round-trip will obviously be rotated by the

angle 2 . If instead we had rotated the secondary mirror through an

angle 0. the output beam after a single round-trip would be rotated

through the angle 2 0 . An IRAYT run for M = 2.5 and a secondary

M 5mirror tilt angle of 10 .  predicted a single-pass output-beam tilt of

-50.7978 X 10 - , in satisfactory agreement with the expected value of

2 0 =0.8 X 10 - 5 . (VII-15)

M

After repeated round-trips through the resonator, the output

resulting from a starting wave which is collimated and parallel to the

(relative to untilted system) optic axis is multiplied by the sum of

the appropriate number of terms of the series

-1 -2 -3
S+ M + M + M-3"

For example, after two passes one would expect the output beam to be

a .' tilted by

2 0 (1 + M- ) = 0.112 X 10 - 4 . (VII-16)

MX
.* i-4,

The IRAYT code predicted a value of 0.112 002 X 10 which is in very

good agreement with the above.

The tilt of the converged output beam of a resonator resulting from

tilt of one of the mirrors can be obtained by multiplying the expected
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single-pass tilt by the sum of the infinite series given above, i.e.,

by the factor

I +M- 1 +M- 2 +M- 3 +M- 4  M
M-1 (vii-17)

The predicted tilt S of output beam due to tilt x of secondary mirror
i

is thus I
S x  (M - 1) (VII-18)

For M - 2.5 and 0x = 10 - 5  this predicts 4S of 0.13333 X 10-4 . To test

IRAYT in this respect, a collimated beam was launched having this amount

of tilt with respect to the optic axis (and with the secondary mirror 7
tilted by 10-5 radians). The results were self-consistent, in agreement

with the prediction.

One can similarly show that the tilt cP of output beam due to tilt

0 of primary mirror is

p = 2 e (M-1) (VII-19)

The above equations for S and p have been derived earlier in a different I
3

fashion by Krupke and Sooy .

i, I
, I

1 I
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I

f Output Crv.aurofnitlly Collimated Beam

After One or Many Round-Trips Through A Near-Confocal Unstable Resonator

Consider the case of collimated radiation incident on an unstable-

Jresonator secondary (convex) mirror with radius of curvature R . The~S"

radius of curvature of the diverging beam reflected from the mirror is,

of course, RS. We let the actual mirror separation be denoted by L',

where we also write

L' = L + AL. (VII-20)

Here L denotes the confocal-resonator mirror separation given by

- RS = 2 L. (VII-21)

The expanding beam, after travelling a distance L', just prior to

striking the primary mirror, has aradius of curvature of

Rex p  RS + L'. (VII-22)

,- By substitution from above, we readily have that

R = R S + ex- RS + E=L R + AL. (VII-23)

I, By the lens law, the radius of curvature of the output beam Rout, i.e.,

the beam after reflection by the primary mirror, is given by

1 2
R ou R P-R ep(VII-24)

By assuming that AL is small compared to RP we can write
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1~~ -___ 2 l AL/RP (VII-25)
R exp RP + YL 1-; l+2 4L (RP/2)

This combines with the equation for R to give

1 ~ + 4AL (VII-26)

Wie can re-express the above in terms of L rather than RP by noting

that

R -RS=2 L, (VIJ-27)

and

Rp/RS = M. ('ITT -28)

The above combine to give

R [1 ~~ =2L, (VI.1-29)

1 1 (M-l (VTI-30)
RP 1 i 2L M L M

We then obtain

2
1(M-1) AL. (VII-31)

SP 2 2 -

R ouL

This is for a single round-trip, starting with a collimated beam incident

on the secondary (convex) mirror of a near-confocal system.

As an example, we have used IRAYT to calculate a system with M 2,

L =200 cm, AL = + I a.The above equation predictsj

SP+ 0.25X 0 5 cm. (VII-32)

R out

The output of the IRAYT code includes a least-squares fit to the coefficiEnt

2 2C3 of the expansion term (X + Y ), being half tile value of the wave-front
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curvature. For single-pass cases the numerical. results were 0.3117 X 10-
5

I and 0.3132 X 10- , respectively, corresponding to curvatures of 0.6234 X 10-

I and 0.6264X 10 These are in quite satisfactory agreement with the

0.625X 10- 5 prediction for single-pass output curvature from the approx-

imate closed-form analysis given above.

fFor multiple passes through the resonator, one expects the output

curvature to be multiplied by a sum of as many terms of the series

-2 -4 -
1 + M + M + M

as there are round-trip passes. For example, for M = 2 and two passes

through the system, one expects the curvature to be increased by the

factor

-2
1 + 2 =1.25.

The numerical values of the IRAYT results for the curvature of the output

wave for two and one round-trips, respectively were found to be in the ratio

of 1.2545, which is in reasonably good agreement with the above prediction.

'A The above closed-form analysis can be extended to predict the focal

distance of the converged output of a near-confocal resonator. One merely

I sums the above series to completion, thereby obtaining the factor
i 1 M2

S1 + M- 2 + M- 4 + M -i ( - 2) (H2 -1) (VII-33)

M2
(M + 1) (M- 1)

For the focal distance of the converged output of a resonator we have

R- R SP (M+l1) (M-1) - M 2L 2 (M+ 1) (M- 1)
out out M2 ( 1)2 ALM

M (M + 1) L 2 .

I=(M - 1) AL- (VII-34)
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The above expression was given earlier by Anan'ev. 4

In order to test the code regarding the radius of curvature of

output for a converged solution, one could of course have iterated for

many round-trips. Instead we used the above equation to predict the

expected results and launched a starting wave with that curvature. The

fact that a single round-trip was then self-reproducing with respect to

curvature confirmed proper behavior of the code in this respect.

7
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I
First Order Prediction of Spherical Aberration in Confocal Unstable
Resonator with Spherical Mirrors

approximate prediction of the amount of spherical aberration

can be made by considering the optical path difference between

distances along a nominal ray path in a spherical mirror system and in

a corresponding parabaloidal mirror system (i.e., one having the same

values of vertex curvatures). For convenience we consider (1) the

incremental path length associated with the primary mirror along the path

ABC in Figure E-1 and (2) the incremental path length associated with the

second mirror along the path CDE in the figure. The reference plane

through points A, C, and E is normal to the optic axis of the system.

The equation for the spherical surface of the primary mirror can

be written as

2 2 2 (VII-35)
(Z -R) + p =R

where the Z axis is parallel to the optic axis, R is the radius of

curvature of the mirror, and pis given by

p2 = x2 2 (VII-36)

The origin of coordinates has been placed at the intersection of the optic

4 laxis with the mirror. The surface equation can be rewritten as

I2 _ 2 Z R + p 2 = 0. (VII-37)

The desired solution (i.e., the one with proper choice of sign in front

of the square root) for Z is given by

I Z o 2. (VII-38)

R
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I
I

Now p/R is small compared to unity, and it is useful to write the

I first few terms of the series expansion of the radical. This gives

- = I- I- -I L (wI-39)R 2(vIRI38)

SThe value associated with retaining only the first two terms of the
series expansion is the value associated with a parabaloidal mirror.

j Thus the incremental value of Z is approximated by the third term in
R

1the square brackets. The optical path difference is double this

amount in magnitude, since the ray traverses both segment AB and

Isegment BC. (We here ignore the fact that the segment BC is tilted

relative to the optic axis). We can then write as the first-order

approximation to the incremental OPD associated with the primary mirror

I4 i PP .
IA ZP = 4 (VII-40)

41 The magnitude of the incremental OPD associated with the path CDE

j ito and from the secondary mirror can of course be written in the same

form as the above, except with subscripts indicating secondary rather than

primary mirror. Thus we have that

1 
4zs = 1 -S (vII-41)

4 RS3

Because of the nature of a confocal resonator we have that the magnitude

of the radius of curvature R of the primary mirror is M times as large

1 I as the radius of curvature R of the secondary mirror. Also, the value of
S4 : _ _ _ _ _205



pp associated with the intersection of the ray with the primary mirror

will be M times as large as the value of pS associated with the inter-

section of the ray with the secondary mirror. Thus we can rewrite the

above as

4 4
Pp 3  P

A zS = 4 PP M 1 1 P (VII-42)
S 4 4 -3

The two OPD contributions tend to cancel, of course, since one mirror is

concave while the other is convex. Thus the overall OPD, A Z, is (to

first order) given by

4
A)1 PP (VII-43)AZ = (l - 1/M)

All of this, of course, is for a single round-trip through the

resonator. Some numerical examples have been worked out and are given

in the table below:

-RS (cm) Rp (cm) L (cm) M AZ X 101 0 ]

P J
300 700 200 2.333 4.164

400 800 200 2.000 2.441

500 900 200 1.800 1.524

600 1000 200 1.667 1.000 F.
800 1200 200 1.500 0.482

1000 1400 200 1.400 0.260

Numerical ray-tracing calculations have been performed for several values

of pp for each of the above cases and compared to the above prediction-;;

the agreement was quite satisfactory.
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In the equation given above, the specific dependence is on

RP, the radius of curvature of the primary mirror. We can recast this

in terms of the mirror separation L as the independent variable. We

have for a confocal resonator that

[R, JR,]= 1 R,(1 lM).(VII-44)

This immediately leads to

1 _ 1 (1- l/M).
R = 2-L (VII-45)

We can rewrite the equation for the overall increment A Z of OPD as

44 1P
AZ=(I - I/M)4 32 L3  (VII-46)

32L3

From the above equation it is clear that, for a resonator design

with L and the maximum value of p P specified, the dependence on the choice

of magnification, and hence of output coupling, is of the simple form

,1 (1 I/M)4 . Some numerical examples are listed in the table below:

2.5 0.840.1296

2.0 0.750.0625

1.5 0.556 0.0123

1.32 0.426 0.0034

* It is clear from the above table that the magnitude of the one-pass

spherical aberration depends rather strongly on the magnification M.
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I
For the self-consistent multiple-pass resonator situation, the 5

total incremental OPD due to spherical aberration is simply the sum

of contributions for various values of Pp, where the first such value 1
is max' the second is o max' the N-th is p max' etc. The total multi-

M M
N

pass OPD increment is thus

4

AZP1 P -4 -4 2 -4 3
A Z p =(i - I/M)W 1 + (M- 4  + (M-4) 2 + (M-) (VII-/'7)

The series can be readily summed, and gives

4
1 Pp I

AZ =(1 - M/M)4  R-4 (Vi 1-(1,)

RP

When written in terms of L as the independent variable, this hcCome-lL I
4

'A Z =0(i-/N)
4  1. P 1___

32L ( -M -4 (VII-49)

I
, ;

I'I

I'I
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I
I

Root-Mean Square Optical Path Difference Resulting from Spherical

I Aberrat ion

The equations derived earlier predict a contribution to optical

path difference which can be written as

A Z = C5 (X2 + y2)2 (VII-50)

i where the form of C5 as a function of M and of L or RP has been worked

out for both single-pass and multi-pass cases. The use of notation C5

I to designate this expansion coefficient for the aberration contribution

is merely for consistency with notation in the present version of the

IRAYT computer program.

Our calculations and the IRAYT program itself are limited to

rectangular apertures, though not limited to square apertures. For

purposes of testing the code it was convenient to specialize some cal-

culations to the square-aperture case. We will work out here the cot.-

tribution to OPD resulting from spherical aberration. In general, the

Sirms value of a function f (X,Y) is given by

f rms = <f> (VII-51)

With f (X,Y) having the form given above, we will have

<f2> 12

. 2> o , (VII-52)

<f > = , (VII-53)
~I 0

ill ~where 'I Ia a

1 0 dX 0U I I(VII-54)

1O9



fa a 

i
r rdX dY f (X,Y), (VII-55)

12 = f 2 (XY). (VII-56)

For simplicity we have considered the contribution from only one quadrant

of the aperture; this will not effect the overall result, which is an

average over the entire aperture. The half-width of the aperture is

denoted by a. We immediately have that

10 =a .2 (VII-57) 1.

For [ we can write

foa 0a

I I = C5  dX dY ( + 2 X2 Y2 + Y ,5

f a

C5fdX (a X + a +- a5 (VII-59)

I1_= C5 a6 [ + 9 ] =-8 a6C5" (VII-60

This immediately gives

28 4
45 a (VII-61)

For 12 we have

1= C5 Id• X(VrI-62) 
I

o 0

After carrying out the integration over dY, we have that

12 C5  dX a + a a' 6 4 4 a72+ I d 9 (VII-(3)
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10 + i 4 6 4 2
12 95I (VII-64)

1328 10 C2
i 12 1575 a C5  (VII-65)

We thus immediately have that

< f2> 1328 8 2<1f7> a C5  (VII-66)
1575 5I

For the rms value of the spherical-aberration contribution to the

I OPD we have

f2 > - <f>2  
= Ca 5 1575 2025]'I 4

RMSOPD = 0.675288 a4 C5.

thtAs a test of the IRAYT computer program, we have calculated the RMSOPD

due to spherical-aberration for a case with mirror separation L of 200 cm,

j Ia magnification M of 2.0, and an aperture half-width of 50 cm. We first note

that the closed-form equations given above would predict a C5 value of

C5 = (1 - I/M)4  1 = (1/2)4 i (VII-68)
32L 3  32 (200) 3I6

C5 = 0.2441 X 10
- 9

By comparison, the results of an IRAYT calculation using a mesh of

4 -911 X 11 gave a C5 value of 0.2466 X 10
-

, which is in satisfactory agree-

ment.
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The directly-computed value of the RMSOPD is not as good. Using the

11 X 11 mesh, the IRAYT computer program calculated an RMSOPD of

0.1450 X 10-2 cm, whereas the above formula using the latter value of

C5 predicts an RMSOPD value of 0.1041 X 10
- 2 cm. The inaccuracy seems to

stem largely from the finiteness of the number of mesh points, and is

reduced considerably as a larger number of mesh points is used. A

similar IRAYT calculation using a 41 X 41 mesh led to a directly-calculated

value of the RMSOPD of 0.1140 X 10- 2 , in reasonable agreement with the

closed-form prediction of 0.1041 X 10- 2 cm.

Other numerical tests of this same sort were carried out, and con-

firmed satisfactory operation of the IRAYT code in the present respect;

for brevity these are not reported here in detail.

The above discussion relates to the amount of spherical-aberration

resulting from a single round-trip of initially collimated radiation in

a resonator in nominally confocal arrangement such that no output curvature

is present. The net RMSOPD could, of course, be reduced somewhat by choosing

a slightly off-confocal arrangement such that an appropriate amount of

curvature is present to cancel part of the (X + Y ) OPD contribution.

The optimal value of output wave-front curvature is not so easy to calculate

in the present square-aperture case as for a circular-aperture arrangement.

For the latter arrangement, of course, it is well-known that the

aberration can be expanded in Zernike polynomials, and the fourth-order

2Zernike polynomial includes some second order contribution, R as well as

spherical-aberration, R4, contribution5.
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-Choice of Asphericity Parameter of Convex Mirror to Eliminate Fourth-

Order Aberrations Introduced by Spherical Primary Mirror

We have already shown that the single-pass fourth-order aberration

resulting from sphericity of the mirrors will be of the form

AZ = C5p
4 = C5 (X

2 +y 2)2 . (vii-69)

The first-order closed-form prediction for C5 is (in the present dis-

cussion we ignore signs of OPDs for simplicity):

C5 = (l -l/M)
4  32 (Vii-70)

For a numerical example with M = 2.5, L = 250 cm, the above equation

predicts a value of 0.2592 X 10- 9 for C5  A number of calculations were

carried out for such a confocal resonator, with mirror vertex curvatures

-l
of 0.003 and 0.0012 cm , respectively. For the unperturbed resonator

with spherical mirrors, the least-squares value of C5 came out as

-90.25931 X 10 , in good agreement with the above prediction.

One expects to be able to cancel the fourth-order aberration by

introducing a fourth-order aspheric correction onto the secondary mirror.

j The mirror surface correction only needs to be half as large as the total

optical-path difference correction, since the mirror surface increment

affects both the incident and reflected ray. Since the correction is of

fourth-order in p, and the value of p at the secondary mirror is only

I/M times as large as at the primary mirror, the aspheric correction needs

4' to be increased by a factor of M 4 . The prediction then is that the fourth-

order aberration will be essentially eliminated if the mirrors are

basically spherical except that an aspheric term is added to the secondary

mirror corresponding to
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2 = -M4 C 5 , (Vi 1-71)

where the value of C5 is as given above. Of course a2 is the co-

4efficient of p in the surface function of the mirror, as described
earlier. For the same numerical example as considered above, the

predicted required value of a2 is

(2.5) X 0.2592 X 10- = - 0.50625 X 10-8. (VII-72)2 2

When this asphericity was introduced into the calculations, the overall

value of the calculated root-mean-square optical path difference RMSOPD

for a 20 cm X 20 cm output aperture, calculated with an 11 X 11 mesh

was reduced from 0.244 X 10- 5 cm to 0.194 X 10-8 cm, i.e., by about three

orders of magnitude. This seems to confirm the first-order analysis

and also proper functioning of that portion of the IRAYT code.

It is also possible to introduce the desired amount of fourth-order

correction to a spherical surface by instead adopting an ellipsoidal

surface with a suitable value of the conic parameter K. The required

value of vertex curvature is of course the same as for spherical or

parabaloidal mirrors.

SF
[V
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I
Choice Of Ratio Of Conic Parameters Of Ellipsoidal Mirrors So As To

i Eliminate Fourth-Order Spherical- Aberration

We consider the ellipse formed by slicing the ellipsoid of

revolution through the z-y plane, and write its equation

z = a -a ( - b 2 y2 ). (VII-73)

The first few terms in the expansion of z give

a 2 a (v4-4
Z=a Y + Y (VII-74)

2b2  8b

We note that

b2 = ,(VII-75)

where c is the vertex curvature. Also we have that
~3b2

a a b 3
4 6 2 =c K , (VII-76)

b b a

where K is the conic parameter. The above expansion can then be

. Iwritten as

(Y) 1 Y2 1 3 4 (VI 1-77)

We will use subscripts P and S to denote primary and secondary mirror,

respectively, of a nominally confocal unstable resonator of magnification

f j M. The mirror curvatures then are in the ratio

c M (vi I-78)

I
if only the first term in the above expansion were non-vanishing (i.e.,

for parabaloidal mirrors), fourth-order (and indeed all higher-order)

aberrations would vanish. We wish to choose values of the conic
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parameters K and K such that the magnitudes of the fourth-order

contributions from each of the mirrors are equal and hence cancel.

We must, of course, compare the terms for values of y which are in the

ratio of M. Thus we require that

Cpp y =- c S  KS (y/) 
(VTT-79)

1 3 4 1 3 4

This can be rewritten as

4
1 1 3 KY4 1 M3 c3 KY_(I-

SKp y = 8 Cp KS M4

This immediately leads to the requirement that

KS = M Kp (VII-81)

When the ratio of values of the conic parameters is M as required by the

above equation, the fourth-order aberration should vanish for an ideally-

aligned system.

The above equation applies, of course, whenever both mirrors are

ellipsoidal, and includes the special cases of spherical mirrors,

parabaloids, and ellipsoids. Certain special cases are of

particular interest. First, parabaloidal mirrors obviously satisfy the j
above ratio requirement since both K and K are zero. Second, the

primary mirror may be spherical, i.e., Kp = 1. The secondary (i.e.,

feedback) mirror will need to be a surface of revolution about the minor

axis, with KS = M. Third, the secondary mirror may be spherical, i.e.,

KS =1. The primary mirror will then need to be a surface of revolutioin 7
about the major axis, with K - I

2 1
t 
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The above prediction of cancellation of spherical aberration by

using one spherical and one elliptical mirror was tested by IRAYT

calculations for a resonator with M = 2.5, L = 250 cm, aperture size

of 10 cm X 10 cm using an 11 x 11 transverse mesh. For both mirrors

1 of spherical figure the single-round-trip IRAYT calculation gave

C 5 = 0.259 X 10
- 9 . When the primary mirror was replaced with an

Iellipsoidal mirror with K = 0.4, the IRAYT calculation gave a value of
C5 about four orders of magnitude less.

I i

i's I
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Relationship Between the Conic Parameter K For an Ellipsoid of 1
Revolution and the Eccentricity e

For an ellipsoid of revolution about the z axis, with vertex at

the origin, we have the equation

2 2 (VI-81)
+ L- = 1,

a2 b2

where

2 2 2
p =x +y.

For simplicity of derivations we will simply consider the ellipse in the

z-y plane, described by the equation

2 2

a b

To find the vertex curvature in terms of a and b, we can write V

z = a - a i 2 (Vili-83)

_[I 2 - B
dz a _ 'vi-4
dy b2 2 y  b2  yj

d 2z = - l . 21 a 2 [-13/2dz d a 1 + V - - 2](Vl,-85)

' I I
The surface curvature at the vertex is just the above evaluated at y = 0, i.e.,

We next rewrite the equation of the ellipse as

z a - (a - y)
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2

Ib2
We multiply the above equation f or z by

12 2 '-
a +(a 2-Yy2 (VII-88)
a +(a -Yy)

The numerator simplifies immediately, and we obtain

Z = 2 y (VIH-89)
a+( -2y

By substituting for Y we obtain

Za 2
b

+( b- 2 Y2' (vlI-9o)

5 By substituting the expression for vertex curvature c, we can rewrite

this as

Z ~, 2 2 (V I -9 1

f)I + 1 - Ib/) C 2yj

If we define K by the equation

2

we immediately obtain the expression

2 (vi 1-93)
1 + (1K C 2  2

1 This is just the form of the equation used in the ray-tracing except that

i,'* *p replaces y in the equation immediately above.
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To obtain the relation between the conic parameter K and the

eccentricity e, we note that by definition the eccentricity of an

ellipse with semi-major axis a and semi-minor axis b is given by

e = - (b/a) 2  (VIli-94)a

This then leads to the simple relationship

eK , K < 1. (VII-95)

The above is applicable for cases where K < 1. When K > 1, the roles

of a and b are reversed, i.e., a is the semi-minor axis, and b is the

semi-major axis. The equation defining the eccentricity then inter-

changes a and b, and the resulting expression for the eccentricity e in

terms of the conic parameter K becomes

e K I_ > 1. (VII-96)

If c and K are given, one can of course solve for a and b. We repeat

from above the equations

a (VII-97)
b2
b b2
-2  (VlI-98)

i a

Simple multiplication of the two expressions gives

1 (vti-q9)
a CK j

Multiplication of the equation for c by the square root of each side of

the equation for K gives

i- (VIT-100)

CK~
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Somet Numerical Investigations of Fourth-Order Aberrations

Sveral numerical calculations of a single-round-trip of an initially

collimated beam were made with IRAYT for the nominal case of M = 2.5,

L = 250 cm, vertex curvatures of primary and secondary mirrors of c. =

0.003 and c = 0.00121 mostly for an output aperture of 20 cm X 20 cm.
P

For most cases a transverse mesh of 11 X 11 points was used.

The predicted value of spherical aberration for the nominal system

with both mirrors being spherical was in good agreement with closed-

form predictions, as mentioned earlier. In addition we tested com-

binations in which one or both mirrors were parabaloidal. For both

mirrors of parabaloidal form, the IRAYT values of the coefficient C5 of

(X2 + Y2)2 and of the overall RMSOPD were several (about four) orders of

magnitude less than for the case with both mirrors spherical.

The earlier derivation regarding spherical aberration predicted an

OPD increment, A Z, resulting from a spherical (as contrasted to

1 3 4
parabaloidal) primary mirror which can be written as A 

Zp =1 cp P ,

and hence predicted that the value of the least-squares-fit to coefficient

4 3
of the p term would be C = 0.25 cP . For the parameters described above

51 5

this corresponds to a numerical value of C5 of 0.432 X 10
- . The

numerical results of a single-round-trip IRAYT calculation included a

least-squares-fit estimate for C of 0.4319 X 10- 6, which is in quite

71 satisfactory agreement.

The contribution from a spherical secondary mirror is predicted to

• f be less than the above by the factor M -
. Thus, the predicted value of

I. I C5 for a resonator with parabaloidal primary but spherical secondary mirror

is 0.1728 X 10 An IRAYT calculation gave a numerical least-squares-fit

6
value for C of 0.17278 X 10- , which is also in good agreement with the

5

predicted value.
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If we combine (by subtraction) the closed-form predictions of

C5 for each of the mirrors as given above, we obtain a 
prediction of

an overall C5 of (0.432 - 0.1728) X 10
- 6 = 0.2592 X 10

- 6 . If instead

we combine the two IRAYT values, we obtain a prediction of (0.4319 -

-6 -6
0.17278) X 10 = 0.25912 X 10 . An IRAYT calculation (20 cm X

20 cm aperture, 11 X 11 mesh) gave a least-squares-fit value for C5 of

0.2593 X 106 for a single-round-trip in a resonator with both mirrors

of spherical shape.

The IRAYT code includes the option of a decentered alignment.

(Such an arrangement is known to have advantages in terms of fraction

of the far field energy contained within the first lobe). For fully

decentered systems with square output apertures, the maximum distance

of a ray from the optic axis is of course just twice as much as for

the centered-alignment case. Hence, any aberration of the simple form

N NP would be expected to be increased by a factor of 2 . In particular,

the spherical aberration (N = 4) would be expected to be larger for the

4
decentered case by a factor of 2 . An IRAYT run was made for a fully

decentered case with spherical mirrors. The value of C5 from the

-6
least-squares fit came out to be 0.2598 X 10 , as compared to the-6I

value of 0.2593 X 10-6 for a centered system. The overall RMSOPD was

only increased by about a factor of 13 instead of a factor of 2 = 16.0.

This discrepancy is presumably (in fact almost certainly) due merely to

the rather small number of mesh points (11 X 11) used in the calculations. I1

2[2
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Residual Fourth-Order Aberration Resulting from Perturbing Mirror

Sj 29 ij& from Confocal Arrangement

Even with a pair of parabaloidal mirrors, the laser output will

be aberrated if the mirror spacing is perturbed from the confocal

arrangement. The principal effect, of course, will be sphericity of

output wave, i.e., a focusing or defocusing. Conceivably the sphericity

could be removed by additional optics, or might even be desired for

some applications. In addition, there will be higher-order aberrations,

of which the most significant is a fourth-order contribution. To

briefly investigate this, IRAYT runs were made for perturbed values of

mirror spacing. Specifically runs were made with L = 249 and 251 cm,

as compared to a confocal spacing of 250 cm, for a case with M = 2.5.

After removal of the spherical component of the output wave (from a

single-round-trip of a collimated input wave), the (least-squares-fit

value of the) coefficient C5 of the fourth-order term was found to be

about 0.41 X 10 (as compared to 0.259 X 10 for a pair of spherical

i - mirrors with confocal spacing). This residual fourth-order aberration

3 is sufficient to be bothersome for a system with large aperture.

A closed-form estimate of the residual value of C to be expected

5 for a case such as above, with off-confocal spacing of parabaloidal

mirrors, can be made as follows. We can take the point of view that

the mirrors are perturbed spheres, and make use of the earlier analysis.

i 1For simplicity, we consider a ray going in the "reverse" direction

Vthrough one-round-trip of the system. That is, we consider an incident

tj Il ray parallel to the optic axis, which strikes the outer edge of thet
3 primary mirror. The reflected ray (to first order) travels in such a

direction that it would ( if not intercepted by secondary mirror) intersect
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the optic axis at a distance R S/2 behind the confocal position of the

secondary mirror. But since we have perturbed the position of the

secondary mirror by an amount A L, the intersection point will be at a

distance

2 S + AL (Vii-101)
2

behind the secondary mirror. The ratio of the value pS at which the

ray strikes the secondary mirror to the value p at which the ray had

reflected from the primary mirror will then be

RS

P  2P + AL
(vII-102)

Rp 

-

Since R/R S  M, this can be written as

+ 2AL
R S

M

From the present point of view, the mirrors have started as spherical

'2 and then had a fourth-order correction made to them. The above equation

differs from our previous treatment of the fourth-order aberration of

spherical-mirror resonators only by the fractional change of 2AL/R S

for the fourth-order contribution from the secondary mirror. That -

contribution had been found to be

AZ S  4 -- 3S (Vll-I03)

" 4 ,224



I
I

If we keep only the first two terms in the expansion of the fourth

power of the above ratio p /p we can put

1S

I S [ (vII-104)

I
We then can obtain, in place of the former expression, that

AZs = _j M4  I + 8AL M 3  
I

4 Z R e 33 (VII-105)

m The residual term involving A L will not be corrected by the use of

parabaloidal mirrors. Hence the first-order prediction of the

residual contribution to C5 (the coefficient of the fourth-order term

in p) is

m 2AL 1 _ 2AL (vi1-106)
MR 3 4

S  Re RP

m [For the above numerical example, we have R = 833.33 cm, A L = 1 cm. The

U above equation predicts an incremental C5 of 0.415 X 1011, which is in

quite satisfactory agreement with the numerical results from the IRAYT

calculations as mentioned above.

I The present calculations of the results of perturbing the mirror

spacing are, of course, quite preliminary. It is felt that a detailed

computational study should be made of the effects of various perturbations

for resonator design candidates. In addition to mirror spacing, oneI
*would, of course, want to include the effects of perturbation of mirror

1 ,Iorientations. A very brief test was made of the latter by merely

T !tilting the primary mirror by small amounts. For a tilt angle of 100

i. Imicroradians, it appears that a sufficient amount of aberration will be

introduced to be significant for large aperture systems.
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122 WRITE(6,10,J5)IMIR,XA(IMIR) ,YA(I M IR) ,ZA(IMlR)

1005 FORMAT ( 1 X14HTFIRTA, 1 1 P,12 , 6 X A=,E 2 0.12 ,h YA=,E2j.12,
168 Z A=,E 20.12 )
W R ITE ( 6~ O-iAI) Iri R , A A (1 R ) ,,A IMIR ),CA( IMIR )

1006 F0RMAT(lx,l4HTFIRTA, I lP=,i2,6H AA=,Ec'0.12,6h tA=,E2-% .1 9 i
168 C AE 10 .12)

124 CONTINUE
140 CONTINUZ-

IF(PRDGS C&T. W .0)wRlTE(6,1008)r ELL 7

100 b FORWAT(I DELLZ=', 11.1)
OPDSM=0~bIN + DLLLZ
DELZS(IXX,IYY) =OPDSM
1F(XNlTP-1.C) 127,127,1 6

126 XOUT(IXX,IYY) = XA(INMA-')
YOUT(IXX,IYY) =Y A(INMA) I.
AOUT(IXX,IYY) AA(INMA -
EOUT(IXX,IYY) = A(INMA 0

*1 ~~~~127 IF(PRALL)LZG,:U0,199 .(N~),4A),A~.A~,AI~b

RA(IMMAK),EA(INMAX)Li' 230



""IS PAq 13 W QUJ.

2 C CONTINUE SIaD o aw

00230 1I1OX

DO 230 J=1,NY
SOPD =SOPu + DELZS(IJ)

2!0 SOPDS = SOPDS + DELZS(I ,J)**2
SOPD =SOPVIFf4X/FNY
SSOPWI = s~b*

SOPOS =SOPDS/FNX/F.Y
P"ASOP = SQi.T(SOPUS -SSIPD)

PRITrE (6,76 ~) isu

F< 0 (AT ( I ~MSOF ,E 1.)
DLPHI= Q-S0P/XLA,*e~.0*P:

LINT = XP(CDLPHI**2)
wRITE(6,91)XLAMRLINT

vl FORMAT(lriO,' FUR ALANM ,'E14.6,',NOMINAL RELATIvE CENIRAL INTEN
1TY =',E14.6)
IF (FITL'; .,T. 3.0) CALL FITLSQ(DELZS,N~X,NY,XFFYFFNANNXNNYO.O
!F(CPLT .LT. 1.0) GO TO 150
wPITE(6,,)4)XKITR

CALL CONTR (OELZS,NX,NY, XLAMI ,XPLTR,NNX,NNY)

1 5C- IF(FITLS .LT. 2.'V') GO T-, 170
W RI TE (6,77)

CALL FITLSQ(DELZS,NX,NYXFF,YFFNB,NNX,NNY,1 .
170 !F(CFFLD *LT. Q.U)CALL FRP R0F(FNX,FNY,XFMAX,YFMAX,XLAm ,AIOA2x,

lA1- 2Y, X1JFFX, XNF FY, EPSXS ,EPSYS, SATUR, PLfOIN, 0. 01, XNOFA ,WFRF FI,DEL

LO TC 1

97 FORMAT(' DIMENSION TROUBLE RE NX, NY, ETC.')
9,1'9 STOP

1 231
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SUSNOUTINE IWTkEF(IXldE i.NASPm,TPAR)
DOUBLE PRECISION XA,YA,-A,AA,?A,CA,XI,YI,ZI,A,:.,,C!
DOUELE PkaECISION XR,YR,I.R,AR,9R,CR,SCRV,MKAPA
DOUeLE l'RECISION XCRDvY!.RD,ZCRD,THETA ,THETY
DOUSLE PlhECISION TESTF,FP,D1LT,TD'AR,ONETwC

S DOUECLE PkECISIjN CASPH, HOSQ,RADC,E,XJJ, FX,FY,F!,FT,CoO TH

DIMENSION ACR(1) ,YCRD),Z(1),CR(1Q),HET(1),hETY(1

DIMENSIOt, --ASPH(10,7)

1XC9D,YC,-L ,LCfD,Tr1ETX,TH TY,SC:V,AKAr A ,CA$~rij

T WC 2 *C

TEST=0a.: .W3j'1

TPAR=-ZI (1)/C 1(I)
100 XR(I)=XT(I) +~ AIMI * T AR

YR(I)=Yl(l) + BI(I) * T"'AF
ZR(I)21l(I) + CI(I) * T'AF
IF (NASPH) 11C, 110,1 -0

110 F =Zi%( I )+SCV ( I )/TWJ-* (AP(I) **2+YR (1) **2+AKA'h (I)*ZR (I *)

FX=SCRV (j) *XR (I)
FY=S CRV (I) *YR (l)
F ZONE+ AKAPA (I) *SCRVI) *ZP( I)
GO TO 142

120 RPOSQ=XP(l)** + YR(I)**2
IF(RHOSQ tiG. 0.0) RHOS(,=l. D-5lP
RADC=DSQ.T(0N[ - AKAPA(T')*SCRV()**'RHiOSO)
F =ZP(I) *SCRV(I)*RHO;O/(ONE + RAOC)
DO 130, r1=1 f4A'ZPH
F =F - , AL,- hC(I) I R W SQ I I

130 CONTINUE .
E = -SCRV(i)/RADC
D0 140 iJJ:,NASPH

E =E +TWC, * XJJ CASrH(I,JJ) *RHOSQ **(JJ-1)
140 CONTINUE

FX=-E*XR (I)
FY=-E*YR (I)

F Z=ONE
142 FP mAI(I)*FX + _I(I)*FY + CI(I)*FZ

DELT=-F/FP
TPAR=TPAR+DELT
IF(OABS( ELT)-TEST) 5,9150, 150 -

232



IF ( I N E -1 1 0 ,100,99

CR(I)=cI (I)
GO TO 30L.,

20 FT=DSQkT(FX**,'+FY**,'+FZ**2)
COST(Al()*FX2()*FY+Cl(I)*FZ)/FT
A'P(I)=AI(I) - TWO * COS7H * FX/FTI - TwQ * cOS'H * FY/FT
CR(I)=Cl(I) - TWU * COSTH * FZ/FT

30C RETURN

EN

23



SUBROUTINE TFDATR (1,J)

DOUBLE PRECISIQE XAYA, ?AAABACAXIY1,ZiAIBi,cI

DOUBLE P,-ECISION XR,YRZRARt9RtCR,SCRVAKAPA
DOUBLE PkELISION XCRD,Y:RD,ZCRD,THETx,THLTY
DOUBLE PRECISION XINT1 , INT ,ZINT , AINTi ,BI1V11, C1 .Ti

DOU9LE PxECISIUN XlNT2,YINT2,UINT2,ANTL,ItT?,CiN1Tc.

DOUPLE PRECISION xiNT3,YINT3,ZI''T3,AlNT3,91N-T3CI1T

,3 DIMENSION XR(10),YR(IO),ZR(1O),AR(1C,),BR(1O),CR(1O)
DIMENSION SCRV(1O),AKAP'(1O)
DIMENSION XCRD(1O),YCRO (10) ,ZCRr(lU),TNETX(1O),ThETY(10)
COMMON XA,YA,ZA,AApBA,C",XRYR,ZR,AR,B R,CR,XI ,Y! ,Z-i,AI,EI,,

1 XC RD, YC RD,2C R 0,T E TX ,T - T Y ,SCR V ,A KA PA
(77 XINT1=XA(I) - XCRD(J)

YINT1=YA(I) - YCRD(J)
ZINT1=ZA(I) - ZCRD(J)

AINT1=AA(I)
C INT 1 A (I)

YINT2=YINr1
BINT2=9INT1
IF (THETY (3) )100 , O,1 00

100 ZINT2=ZINT1*DCOS( THETY-,J)) - XINT1*DSII.( THETY(j)) -

CINTeZCINT1*DCOS( THETY(J)) - AINT1*LDSIN( THETY(4))
XINT2ZZINT1*DSIN( THETY,,J)) +~ XINT1*DCOS( THETY(.3))
AINT2=CINr1*DSIN( THETYJ)) + AINTI*OCOS( THETY(j))
GO TO 300

200 ZINT2=ZINT1
CI NT 2CI NT1

300 XINT3=XINT

A AINT3=AINT
IF(THETX(J))40U,500,400

400 YINT370YINT,*DCUS( THETXfJ)) - ZINT2*DSIN( THETX(J))

8INT3=eINT2*DCOlS( THETXCJ)) - CINT2*DSIN( THETX(J))I
ZIINT3=YINT 'L*bi!J( THETX(J)) + ZINTZ*DCOS( THETX(J))
CINT3=BI%T*DSIN( THETX(J)) + CINTZ*OCOS( THETX(J))
GO TO 6% Uu

500 YINT3=YINT2
Li I NjT 7= 1. ,I-:
ZINT3z~li4T,
CllT3=C IN"'F 234



I e'Q CONTINUE
X I (J)uXINT3
VI (J)=YINT-.

A ZI(J)=AIP.T'

61 (J ) =0~ I NT ,
*CI (J )=CINT. T AB~

**RETURN n*cl
END LD TO BOO T

1 SUBROUTINE TFIRTA (I,J)

I DOU(4LE PIRE( ISION XAYA, AAA,SA,CA,Xl ,YI ,ZZ AI,91,CX

ID'OUELE PiRECISI~,N RY,',RBCSRgKP
DOUFLE PREC ISION XCRD,YCRD ,ZCRD,THETX,THETY
UOUBLE PRECISION XINTi ,VINTi ,ZINT1 ,AINTi ,BINTI,CINT1

DOUEPLE PREC ISION XINT2, YINT2,ZINT2,AINT2,BINT2,CINT2

bCU9LE PRELISIGN XiNT3, vlNT3,ZlNT~,AlNT!,1!T3,ClIN'T3

DIMENSION 3 CR(I)I),P(1),A(0,11)C(

" "FNSICG:i ACHD( ) ,YCR1(1O) ,zCRD(iQ) ,THETX(iO) ,THETY(iO)
CO'OC): X~,YAZA,AA,PA,C ,XR,YR,ZLR,AR,2-R,CR,XI,YI,Z1,AIl,,CI

XI NT 1=XR.( I)

YINTi=YR( I)
ZINT1=ZP(I)
A I NTi AR (I)

IIP Ti 1 = ( I

XINT2=XITl

~~ AINT2=A N Ti

3 IF(THETX(I))10GdOO,100
l-~ Y:iT2 =YINTI*DCO0"(-THETX I)) - ZINT1*DSIN(-THETX(I))

uI:TZ=6IfNT1*DCOS(-THETX (I)) - CINTI*DSIN(-THETX(l))
2 TNT2=Y~iTi DSIN(-THETX CI)) + ZINTI*DCOS (-THETX(i) )

ClNT2=6IlTi*DSIN(-THETX(I)) + CTNTI*DCOS(-THETX(I))

Yl y,.TZ=YIN.Ti

EINT2=BINT1
ZI%T2=Z INTl
rI%T2=CINT1

0O YINT73YINT%
EINT3a81piTe
IF (INETYCl) )4DQ ,500 ,400



400 ZlWT3sZIk74'LDCoS(-THETYCI)) - XINT2*DSI9J(-THETYUl))
C!?4T3CINT2*DC0S(-THETV (I)) - AINT2*DSIN(-TM.ETY(l))
XINT3=ZlNTZ*DSIN(-THLTY(I)) + XINT(2*DCOS (-7HETY(I))
AINT3=CINT2*DSIN(-THETY (I)) + AINTZ*OCOS(-Tf4ETY(I))
6O TO 600

500 ZINT3=ZINT%
C INT3zC IIT4L
X INT3=X IN TZ
AINT3zAINT2

600 CONTINUE
XA(J)=XINT-' XCRD(I)
YA(J)=YINT- + YCFRD(I)
ZA(J)=ZlT- + ZCPO(l)
A A(J )=A I vT

CA(J)=CINiT3
IETU*N
END

SM000VIME CONTUIPLOT14XNVXLAN,X)PLTRNNXI9NY)
*1TWENSI@N PLCT(NNX,MNY)
DiMENSION (AAPM(131),SY BOL(50)
DATA (SYMBOL(I),l= IO~HHY,lH l1HX,lHi lIW,JH ,1HV,IH ,lHL/
DATA (SYMBOL(l),Il11,201/lm l1HT,IH lHIS,IH l1hR,IH ,lHQ,lmi 1HP/

DATA (SYMBUL(I),I=&-1,30)/lH l1HC,lH lH%',lH lH",1'1 ,1HL,1-1 lrlaK/<
DATA (SYMBUL(I),I=Ll.14O)/lH I1HJ91H lH!,lmi lHH-,1H ,lhC,lk ,%hrta
DATA (SYtBL(I),1=41,5Cl)/lH l1HE,lHi lHD,lHi lHC,lH ItirjlH lhA/
WPITE (6,1lOC1)

1001 FORMAT(1HO,' CONTOU PLOT OF OPTICAL PATH DIFFEqENiCE')

DO 120 K=1,131
4 120 GRAPI4(K)=SYl05OL(1)

IF (XPLTR) 115, 115,105
105 XLL=PLOT(1,l)

XUL=PLOT (1 ,1)
DO 110 1 1 ,NX I
lF(PLOT(I,j ).LT.XLL) XLL=PLOT(ItJ)

10XF(PLOT(i ,j ).GToXUL) XUL=PLOT(I#J.)
10XQNG=XUL - XLL

F WRITE(t,ll1:)XLL,XUL

GO TO 114
1115 WRITE(L.,11Z ) XL A~

113 FOR04AT1IX, XLA!~z 'E .4)
114 WRTE(tP76)
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76 FORMAT(lIhO)I DO 14.0 J=1,.Y

IF(CXPLT ) 130,130,132
3 17i' K=LLOT (1,J) /XLA~*2 .C+24 .5

* u'~ TO 1~.
K7 (O'LCT(1,J) - XLL)/XZNG*50.O+1.O

1 i: F(i(.GT,.3 0) K=50

I IF( K *LT.*1 ) K=1
-5~ GRAPH(1)=SYPEBOL(K)

wPITE(b,13c.)GRAP$ 2 .
13FOPMAT(1X,13lA1)

I140 CONTINUE

END

SUBROUTINE FITLSQ(FCN ,NX,NY ,XFF,Y FF,NA,NkltWU?,W*")
DIMENSION XFF(tiNX),YFF( *NY) ,FCN(NNX,NNY)

r. N X =N X
G N Y f . Y

IDO 10 1 =1 ,N A
Do 10 J1 tN AP 1

ICG(I,J)0O.O
DO 40 1=1,NX
X G=X F F (I )
DO 40 Jl,NY
Y =Y F F(J )
LO !5 Kl ,NA
(K,NA+l)=G(K,NA+1) - FCN(I,j)*FFIT(K,XG,YG)
D "0 Ll ,NA

J~.~ f. K,L) + FFITkK,XGpYG) *FFIT(LXGYG)

30 CONTINUE

35 CONTINUE
40 CONTINUE
2 CONTINUE

IF(LI'4K) 4:',43,44

G C TO 62
4.. DO 50 K=1,LIMK

IC =K+l
D0 50 =CN

FACT=-G(I,k)/G(K,K)

____ ___ ____ ___237



L MSA42
DO 50 J=KtLIMJ

50 G(1,J) =FACT *G(K,J) + G(1,J)
CIF(-%A) =-C(%.A, NA+ 1) /G(NA ,NA)
L I N A -1

t ~DO 70 1LA
I =t A-I A

X" GCI,Nii+1)

DO t 0 J = F-, 'A-

COF(I) =-PGII
70 CONTINUE
62 CONTINUE

DO 80 I11,NA
80 WRITE(6,,-4)1 ,COF (I)
84 FORMAT(lX,'C0F(' ,I2,')=',6El5.S)

SOPO =0.0
SOPDS =0.0

'4 DO 100 I=1,NA
I X6=XFF(I)

Dl 100 J~ .

FCN=FCNUl,J)
DO 0 0 K =1,. A
FCNN =FLNN - COF(K) *FFIT(K,XrYG)

90 CONTINUE
IF (X?100 .NE. 0.0) FC (19J) FCNN
SOPD zSUPD + FCN
SOPDS =SOiPtS + 4 N*4 100 CONTINUE
SOPO SOPD/GNX/IbNY
SSOPD = OPr,**2
SOPDS = )0eDS/GNA/GNY
RMSOP =SQRT(SOPDS - SS 'PD) -

WRITE (6. 98) NA , MSOP
98 FORMAT0HaO,' REDUCED *14S0P, BASED ON FIRST ',.~'FUNCTIONS, isa-

) 1 ,E16.8)
IF(XMOD .NE. O.o)WRITE(:,97)

97 FORVMATCI,'ARRAY OF 0P,,,S HAS BEEN vCDIFIED OY SORROUTINE ILa
RETURN TLc.j
END

238



FUNCTION FF ITCI',xG , Y6I ~~60 TO (0~,O4,O6,O,

I1 FF IT =X G
L-O TO 10 6C
F'~ F I T=YG
-0O T0 1 C LlI t FFlT=( Z** +YG**.l)

4 v F FI T = X Gt2
GO TO 10C0IC FFIT= (Xb*t2+YG**2)**2

6QFFIT Y,*
GO TO 1 0OC

7G. FFIT =XG** * YG
GO TO 1000I1000 RETURN
END

239
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D14ENION (4),VLL(4
CIPENSION xT(Nmx,NMY), YT(N"X,N0'Y), FT(NMX,NMY)
XNCK XT(4.,l) - XT (1 l
YNCR =YT(1,2) - YT(l,1)
IXARG = (X - XT(l,l))/XNCR +1.kC
IF(IXARC *LT. .) IXARG=2
JYARbj (Y - YT(1,l))/YNCR +1 .C

IF(JYAR3 *LTo 2 ) J Y ARG=
0O 20 IARUPl14
IXRUM=IXRUN-2
DO 10 JYRUN=1,4
JYRUI=J YRU,%-2

U(JYRUN) FT(IXARG + 1IRUM ,JYARG + JYRUM)
10 CONTINUE

FRACT=(Y -YT(IXARG,JYA% ))/(YT(IXAR-,JYARG+l) - VT(IXARG,iYARG)D.
VFRAC =FRACT - 0*5
VAL = (U(3) + (2))/2.0 + VFPAC*(U(3) - U(2))
IF(XNTOP -2.0) 13;,138.137

137 VAL=VAL +VFKAC*(VFPAC**2-0.2f-5) * (U(4) -3.0*11(3) + !.0*tl(2)

13 ' VAL=VAL + ( FPAC**&-0.2 5 ) *(U(4) - U(3) -U(2)+

13; VALL(I00LU%) =VAL
2C CONTINJE

D 0 33 IXR0-1,4
U(IXRUN) VALL(lXIRUN)

30 CONTINUE
FRACT=(X -xT(IXAb,JYA'G))/(XT(IXARG.1,JYARG) - XT(lXARL,JYAF,)X--
VFRAC =FRACT - 0.5
VAL (U(3) + U(2))/2.0 + VFRAC*(U(3) -U()

IF(XNTOP 2.0) 239t238,2!7
237 VAL=VAL +VFRAC*CVFRAC**2-0.25) * (U1(4) -3.Otu(3-) + .0*U(2)

1- U(1))/c,.0
238 VAL=VAL +(VFRAC**2-0.2'r * (U(4) U 1(3) -U(2) +U(M)/4.0

239 F VAL
RETURN

£ ku.
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IF

* SUBROUTINE FRPROP(FNJX, FNypXFMAYlYF1qAytXLANA1@AZXA @AZV,

* 1XNFFX,XNFFY ,EPSX ,EPS'Y,SATUI,L3.p4k,Vt4A,XNDFA,WRFFI,bELZS,SYMSL)

I PARAMET~k NNX:85, hNNYa5

* OTMENSIO'N uFRAPH1(131 ),SYNBOL(50),DELZS(NNX,NNY)
0 7 A$N O YM.-40M(5U)
COMtPLE X L NF LD (NNX , vNY F F FC X, FF FC Y ,CPH SE

COMPLEX AY(101)1 BY(101), FAY(101), FB'i(1O1)
COMPLEX FFAt-P
&OU9LE PRECISION FNX, FNN,XFMAY,YFMAY

70 FflRMAT(1IhQ)

3 3 FORMAT (1X , 1 E 12 6)
56 FORMAT( ARRAY SIZE EXC EDED DIMENSION')
F7' FORMAT( COLLIMATELD-BEAv FRESNEL NUMBER ALONG X 1S, FNOX2 ,tF1O5)
F5P FORMAT( COLLIMATED-E3EA- FRESNEL NUMBER ALONG Y IS FNOY= 1,F10.5)

SFORMAT(lX,' INCRLMENTAL FAR-FIELD ARGUMENTS ARE 0,E1j8

DATA Pfl/ .lLl 5926536/
DATA (SYMBOL(I),1= 1,10)/iN ,1HY91H l1HX,IH l1HW,lH IHNV91H ,1HU/

DATA (SYflibuL(I),I=2193OV/H l1HOvlH l1HN,lH lH1M,lH ,11L,lH lHK.1

I 0DATA (SYMBUL(I),I=31,40)IIH I1HJ,lH l1Hl,lH lHNH,IH lH16,IH TH1F/

DATA (SY.r6u'yi) ,I=21 ,30)/1HE,IHD,lHC,1HP,1HA,lHY,lHX,lHW,lHV,1HUI
D AT A ( S Y M BUM( I) , I=3 1 40)/lHT,lHS,lHR#IHQ,1HP1HOIIHN,IN,IHL,li4KI
DATA (SYMBCM(I) ,I=41,50)/1NJ,iHI,1HH,1NG,lHF,1NE,lHO,lHC,1NB,1NA/

* GNY=FNY
X FMAX=X FMAY
YFMAX=YFFMAY
Xk*AG2X =1*0
XmAG2Y =1.0

FFLX=X% FA

NCNTX= NF FLX+1) /t
N CNT Y= (N FFLYl 1)12
I IF(X N FF X . 6T . IC1.0)WRI-E(6,86)

j 3IF(XNFFY *GT. 1O1.0)WRI TE(6t86)
UIF (SATUR * Q. e o; SATU,.- =1.0

IF(PLMI-N a NE . 0.0) CPLTT=5O.O/ALOG(PLMIN)

I NY=GNY
,iNFLX=2.%*XF,*4AX* (GNX+1. )/N
WPFLYsZO*YFNA*CBNy*,Il)/Gfiy

241
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917LA x i1PA (GNX.1.O)/GNX) ** /FNOA
DYILA x (YFRMAX * CGNY*1 .O)/GNY) **Z /FNOA 1
WFFLX = XNuFA* DXTLA/,WNFLX
WFFLY = XNDFA* DYTLA/WNFLY
FNOA=(WN~FLx/2.C)**2/DXT-A
FNOY=(wNFLY/2.u)**Z/DYTLA
WRITE (6,77)
WRITE(6,87) FNOX
WPiTE(6,L!)FNOY
XINC FwFFLX/XNF FX
YIN CFW F FLY X N FF Y

XlkI~C N=W '1FL A/GCN A
Y I .'*CN:0 L Y /b.%Y
X~I ODF X = xN FFx~+l 1*)/2 *0
X"IDFY=(XNFFY+1 *L)/2.0
FFARX = XIICF/iOXTLA*WNFLX
FFARY = YINCF/DYTLA*wNFKY
WRITE C6,6.9)FFARX,FFARY

WRITE(6,76)
WRITE (6, 75)

75 FORMAT(' FAR-FIELD IN7ENSI'rY')
WRITE (6, 76)
AVINT1l .0
AVAMP=SQRT(AVINT)

DO 108 lz1,NX
D0 108 J=1l,NY
PHSE DELLS(l,J) / XLA, * 2.0 * PI
CP'HSE =CvPFLX(Q.C,PHSE)

UNFLD(Iti) =AVAAMP * CE<,P(CPHSE)
10t CONTINUE

FACTXNPAS2XiAlOA2X
OFFSX=EPSx*GNX /2*0*(FACTX-1 *0)/FACTX
XMID=(GNQX +1 G) /2 .O
X?=XmID-OFF SX-GNX /2.0/FACTX
X3I=XMIo-tFF SX+bNX /2.0 /FACTx
D0 350 J=1,NX-
x J =j

IF(XJ-X2+1.O)!20,12O,31'

1311 FCTrP=Xj4..l .- X2 -

CO T C ZJ
312 IF(Xj-X3+1 .0)313,314,314 -

313 FCTR1l.O
31 O6 TO 318
31 F(XJ-X3) 315,3Z0,lZO

-*315 FCTR=X3-XJ
60 TO 316



309 IFC.XJ-X3e1.0)31b,318#3l-
317 FCTRaX3-x2I31$S CONTINUE
32r, FCTX(J) =FCTR

3MC CeIIIT1NUF

I ~~FCTVXM /AlCFY=EP5VY*6NY /2.O*(FACTY-1 .0)/FACTY
YM1DI(,NY +1.0)12.0

*X. YmID-GafFSY ) /2.0/FACTY

5 XT=YMID-CF SY+uNY /2.O'FACTY
UC7 70 J I , NY

F C T R =0 . 0
IF (XJ-X2+1.*0)330,3Z30,32

3 26 IF(xj-x,')3 ' 1,321 ,322

321 FCTR=XJ+1.0-X2
GO To 319

322 IF(XJ-X3+1.0)3-23,324,324
323 FCTR=1.O

GO TO 326
3 Z4 1IF ( xi-x3 ) 325,730,3301325 FCTR~x3-xJ

GO TO 32 /
219 IF ( XJ-X341.C)32S,328,327

1 317 FCTR=X3-A2
I 12cCONTINUE

!%FCTY(J) FCTR
g 7" C ONT I NUE

X TS vS
Do 38O JNX=1,NX
rC MO 3 ,01r. Y=1 , NYI X~lt.TS=Xr.NT,+(1 C - FCTX (JNX)*FCTY(JNY))*UNFLD(JNA,JNY)*

U 1CONJG(UNFLOj(JNA,JNY))

36C CONTINUE
3 C********NOTE THAT DzN WILL ALSO 9E USED LATER FOR NORMALIZATISNs

IDEN GhX*GNY * (l.C - 1.O/FACTX/-FACTY)

XINTS x XINTS/DEN

I ~~WRIT[(6,76) --'. '

wRITE(6,76)
6RITE(6,76)

dIV' 400 lfy=1,NFFLY
YIF I1FV
YFAP (Y:*F - XttIDFy)*y:NCF'IDO 736 JNX=1,NX
-lY(JNX) = LALA(O. ,O.0)

..YJNX =CPFLX(U.0,0.0)

i) 73' J;.y=1,NV

APGY =(YNEAR**2 - 290 * YNEAR *YFAR)/DYTLA*PI

AR GS Y=S li(A RbY)
AROC Y=C OS(A RGY)
FFFCY=CMPLX(ARGCYARGiSY)L I AY(JNX) =AY(JNX) + UNFLD(JNXoJNY) * FFFCY

FV(jNvx) = tV(JNX) + UNFLD(JNX,JNY) * FFFCY *FCTY(JNY)
3375 CONTINUE
33o CONTINUE



XfAR * (X!F - XMIDFX)*XINCF
FAY(IFX) =CMPLX(O.O,0.0)
FBY(IFX) =CMPLX(0.,Or)
DO 345 JtX=I,NX
X J = J NX
XNEAP.=( XJ -Xi-ID ) *X INCN
ARGX =(XiNEAFt*. - 2.0 * XNEAR * XFAR)/DXTLA*Pl
A PG S X=SIN (A . GX)
A R CX=C OS (A Plo X )
FFFCX=CMf'LX(ARboCA,ARGSX),
F4Y(IFX) =FAY(IFX) + AY(JNX) * FFFCX
FRY(IFX) =FLY(IF'<) + Bv(JNX) *FFFCX FCTX(JN4X)

.45 CONTINUE
FFAMP 2 FAY(IFX) - FiBy(IFX)

F9I(1-F A) a FfAMP * COWjG(FFAF4P)

F I ( IF x) a FFI(RFX)/XINTS
IF( (IFY .LQ. WCNTY) *A D. (IFX E 1. NCNTX) )CN1IIFFI(IFX)
IF( FFI (TFA) .G

T . XMXI) XMXI= FFI(IFX).-
390 CONTINUE

IF(WRFFI uLT. 0.O)WRITE(6983)YFAR

XPAWPPZ fiT. O.O)WRLTiA6,83)(Ff11l),Zzl,NFFLX)

VO 120 K=1,131
120 GRAP)4(K)SYPr.OL(1M

DO 135 I=z1,NFFLX
XK= FFI(1)/ SATUR

IF (PLMIN) 131,1371,130
130 ARG-PLMIN/XK

K =CPLTT*ALOG(ARG)
GO TO 13Z

131 K =XK*5C.u+l.O
132 IF(K.GT.5O) Ki=50 IF(K.L .1)KI

IF(SYMBL)111,111 ,11O
110 GRAPH( I)=SYNbOiA(K)

GO TO 1 ",

135 CONTINUE
W R I TE(6 , 1 7)'RAPH

136 FORMAT(1,l31A1)
140 CONTINUE

C********COMPLLTE LOOP ON IFY
400 CONTINUEI

WRITE(6,76)

*1 ~ WRITE(6976)
WRITE(6,76) CT
WRITE (6, 76)CT

76 FORMAT( CENTRAL I/I- = ,El3.o)
WR!TE(6,79) XMXI

79 FORMAT( MAXIMUM 1/1' ',El3.o)

~. ____________RETURN____gooI
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I TERiATION 1

CONTOUR PLOT OF OPTICAL PATH DIFFERENCE

Z= -. 1037-004 A= .0000
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G D D G
KG G K

I G
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ITERATION 2.

ICONTOUR PLOT OF OPTICAL PATH DIFFERENCE

Z = -. 1064-004 A =  .0000
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ITERATION 3.

CONTOUR PLOT OF OPTICAL PATH DIFFERENCE

z:-.1004-004 A= .0000

II
K KG G K

I AAA I %AA AAA
6 AAAAA C;I AAAAA
I AAA I ~.

5- CD D G
K G GK

49 COF( 1)= -.5,919233c-013
* COF( 2)= -.62198930-013

REDUCED RMSOP, BASED ON FIRST 2 FUNCTIONS, IS .25106590-00

ARRAY OF OPDS HAS BEEN MODIFIED by StoaROUTINE FITL$4

il
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,OLLIKATLD- _ItAM Ff~zSNEL NUMRER ALONG X IS FNOX= .1C
:0LLIMATED- 3EAM FRESNEL NUMBER ALONG Y IS FNOY= O10
INCREMENTAL FAR-FIELD ARGUMENTS ARE .O~~-O

FAN-FIELD INTENSITY

XXXYYYYYYVSRQPPQQGPOLJhFEDC CCDEFIJLOPG"PPQRSVYYYYYYXXX
TXXYYYYYYWUSRRRSTUTRPMJHGFEEEFGHJMPRTUTSRRkSUoYYYYYYXXY
YYYYYYYYYYYYXXYYYYYYUQNLJIHHHIJLNQUYYYYYYXXYYYYYYYYYYYY

T'YYYYYYYYYYYYYYYYXTQNLJIHGGGHIJLNQTXYYYYYYYYYYYYYYYYYY

YYYYYYYYYYYYYWUTROMJH FECBAAAAABCE FHJ MORTUWY YYYY YYY YYYY Y
imWXYYYYYYVSPNl U
S S T W Y Y Y Y U P M J I G F F -1DC A Y *v V T S S R R R S ST V w Y A C D E 1 F r, I J V' 0 Y Y Y Y W T S S

PPRUIYYYVOKHEDBBA AAAY XWVUUTS SSTUUVw XVAA AAB DEHK OV YURP

OPSXYXQKGDAYYADNtVwNGCAXWVWXAC6NWVNHFAYYAePKXYYSPO
KLORTQLHDAYWWWYBFLUPGAVSQONNNOQSVAGPULFEYWWWYADHLQTROL(

HIJMNMIEAXVUUVWAELMEWSOMKJIIIJKmOSwEMLEAVUUVXAIlmNmilh 1
EFGIKJFBXVTSSTUXDHFXSOKIGFFEFFGIKOSX FHDXUTSSTVXRFJKIu 'EL
CDEIIEAWUSRRSTW8FCUPLIGEDD CDDEGILPUCFSWTSRRSUwAEHIHEDC

CCEGIHEAWTSRRSTWBFCUPLIGEDCDEFILPUCFBWTRRRSUWAEHIGEC

E FGIKJ FBX VTSSTUXDH F X SKIGF FEF F6IKOSX FMDXUTSSTV XFFJKIGFE
IIJMNM4IEAXVUUVWAELMEWSOMKJIIIJKMOSWEMLE.AWVUVA1MNMJIIt
KLORTQLHDAY~wWYnF LUPGAVSQONNNOQSVAGPUL FPwWWWYADHLC TR OLK

OPSXY XQKGDBAV YABO HN VWNGC AXW VWX AC GNWV NH DBAYYABDGKQX VXSPO
SRUYYYVOKGECBAABCDFIKMLJHFEEEFHJLMKIFlCPAA8CEGKOVYYYURQ
OSWYYYSMIFDCBAAAPOCCC6AYYXXXYYABCCCBAAAPCDFIMSYYY4S,

PPRUYYYVOKHcD9i6AAAAYXwVUUTS SSTUUVwXY AAAA5SLHKVYYYLkd'P
QQRUY YYYR.M GE DC C89AVX VUTSRRPRRS TU VXYA CC DE GIMRY VYYYUR(C.,
SSTWYYYYUPMJjkcFFI tCAVwVTSSRRRSSTVWYACDEFFGI JMPUYYYY6TSS

YYYYYYYYYYYYYYYYYYXTA%LJIH4GG6MIJLNQTXYYVYYYYYYYVYYYYYY
VYYYYYYYYYYXXYYYYYYUQNLJ IHHHITJLNQUVYYVYYYXAYVYYYYYYYYYY
YXXYYYWUSRRRSTUTRPMJH FEFEFEFGHJMPRTUTSRRRSUWYYYXXY
XXXYVYYVVSRQPPQQQPOLJHFEDCCCDEFHJLOPIUOPPQPSVYYYYYYXXX

CENTRAL 1/10 = t~29Q89+000

MAXI14UM 1/10 = .629989+00O
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VIII. MODE FORMATION AND COMPARISONS TO DENTAL CODE

Computer modelling of transverse-mode-formative properties are

related to certain concepts as outlined below. These notions were

introduced by, or grew out of the papers of, the Russian group; for

brevity we will simply refer to Ananev, The initializing radiation is

conceived of as spontaneous-emission radiation which is randomized in

direction. The portion of it which remains within the resonator after

the first trip down the resonator is essentially just the fraction of

the full 4 ff sterradian solid angle which is subtended by a mirror,

i.e., a geometric angle. In geometric optics a wave with a given

a (fairly small) inclination relative to the optic axis has its inclina-U
tion reduced by a factor of l/M (where M is the magnification of a

confocal unstable resonator) by a round-trip through the resonator.

After a number of round-trips the inclination will be reduced to a

I value equal to the diffraction angle of the output aperture. These

concepts lead to a prediction (which we refer to as given by the Ananev

4.formula) that the number of round-trips required to form the mode is

/ 1proportional to the ratio of the natural logarithms of a Fresnel

number and the resonator magnification. These notions seem quite

I plausible, but of course physical plausibility arguments should not be

considered fully convincing in themselves. It does not seem clear to us

whether the Russian group experimentally observed blurring of the farIfield distribution or other indication of an incompletely formed mode,
though they may have. They do clearly indicate that they observed a

ii well-formed mode, i.e., a suitably concentrated far-field pattern, in

cases where the resonator magnification was deliberately made quite
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large such that the Ananev formula predicted that mode formation should

be complete.

Computer modelling of mode-formation properties, both in the

present work and in calculations elsewhere with the DENTAL code, are

based to a considerable extent on a physical conceptualization similar

to that given above. Of course the wave-optics calculations are

presumably a fuller test of the effects of successive round-trips through

the resonator than are the geometric-optics arguments given above. The

modelling is necessarily incompletely realistic, however, in that each

round-trip must be considered as a sort of indivisible entity. In

actuality, of course, the physical problem is considerably more com-

plicated in that (even in a semi-classical approximation) the radiation

must be considered to be distributed continuously over all space variables

and time. It would require an extremely large effort to attempt a full

calculation for such a problem, and it appears that very little work

along this line has ever been done. Because of possible inadequacies of

the overall conceptualization associated with the Ananev approach and

the wave-optics modelling, it will be particularly important to have

available the results of the experimental investigation of mode-formation j
properties which is being carried out at MIRADCOM. It should be emphasized

that the wave-optics modelling of this problem is meaningful only insofar

as the above-outlined physical conceptualization of the problem is meaningful J
and valid.

Two alternative modelling approaches were available for modelling of J
mode buildup. In one of them certain suitably independent and suitably

defined transverse modes would be obtained and their appropriate properties

254F. I.
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introduced into a differential equation for buildup with time of the

radiation intensity within each of the modes. In the other approach,

which is thought to be the better of the two and is the one which has

been pursued, the time dependence is simply treated by calculating the

effects of successive round-trip passages of the radiation through the

resonator. This automatically encompasses the effects of simultaneous

presence of radiation in various transverse modes. This approach also

permits ready determination of the effect of "the simultaneous presence

of radiation in several transverse modes" on the far-field pattern at

various points in time. The effects of gain with varying degrees of

saturation could be readily modelled with the present code. In fact,

use of that option does not seem appropriate because the radiation

intensity is far below saturation during the "mode-buildup time" of

current interest. Use of the empty-cavity program option is equivalent

to gain-filled calculations with uniformly distributed unsaturated gain,

and the results are readily applicable to any desired time dependence

of the small-signal gain.

In accordance with the above discussions, wave-optics modelling of

transverse-mode formation properties has been performed by carrying out

calculations for various combinations of Fresnel number and magnification

of a positive-branchconfocal unstable resonator with uniformly distributed

small-signal gain. In these calculations the far-field distribution (in

the one-transverse-dimension approximation inherent in the present code)

was calculated after each round-trip. The near-field distribution was in

some cases also plotted after each round-trip in the present calculations,

but is considered to be of only secondary interest,
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As a preliminary stage, the option was employed of introducing a

tilted initializing wave, After successive round-trips the tilt angle

was found to be systematically reduced, and the magnitude of the re-

duction agreed with the geometric-optics prediction of a factor of I/M.

The major modeformationvmodelling calculations started the calcula-

tions with a wave which had no systematic tilt, but which had a phase

distribution obtained from a random-number sequence, with the phase

being distributed uniformly over the entire 2 1. This is intended to

simulate an isotropic angular distribution of the sponteneous emission

radiation which initiates the radiation buildup.

The results of the mode-formation modelling caclulations can be

best examined by thumbing through the computer-generated graphs of

far-field intensity after successive passes through the resonator. Each

of these graphs occupies two pages of computer paper, however, and

reproduction of these plotter-type prints would be excessively voluminous

for inclusion in this report, To condense the computer output to more J
manageable proportions we have summarized the results of each run on one

graph in which is plotted two numerical results associated with the far-

field plot obtained after each round-trip, These results are (1) the

value of the ratio of peak far-field intensity I p to the nominal

intensity I which would result from a uniphase output wave, and (2) the

angular position, relative to the straight-ahead direction, of the peak,

expressed as the ratio of the angular deviation 9, to the "diffraction

angle" VD, where Ais the wavelength and D is the full width of the output

aperture, For comparison purposes, each plot includes an indication of the

value of

256

I

! ...-



I
I
I NM i In F2 /ln M), (Vl-1)

where N denotes the estimate of the number of round-trips required

for mode formation. Here F2 is the Fresnel number associated with the

j primary mirror,

FZ a2a2 (VII -2)

and M is the magnification of the positive-branch confocal unstable

resonator being considered. Note that for the case of fully-decentered-

alignment resonators, i,e,, cases with C = 1.0, there would be con-

siderable plausibility in using a somewhat larger value of NMF based

on the larger value of F2 associated with choosing the distance from

the optic axis to the mirror edge, which in this case is 2 a2 rather

than merely a2 , as the parameter for use in evaluation of F2, i,e,, in

basing NMF on four times as large a value of F2 as for the centered-

alignment cases ( E= 0).

Several of the cases treated used an equivalent Fresnel number

I Feq of 9.6 and a magnification ov M = 2.0, This corresponds to F2 = 76.8,

and NMF f= 6,26. Figs. F-I and 1-2 are results obtained for conventional

'1,1 centered-alignment, i.e., c = 0.0, for the stated values of resonator

parameters but with two independent sets of random numbers used to start

the iterations in a manner simulating buildup from randomized spontaneous

emission. It is readily apparent from comparison of the two plots that

there is substantial variation from case-to-case in the details of the

)l I mode-buildup behavior. In each of these two cases there is an initial
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"oscillation" of the peak-intensity far-field direction, followed by a

monotonic approach to the central direction. Also, there is not a mono-

tonic increase of I /I in either of these cases. The indicated value
p 0

of N seems a reasonable estimate of the approximate time for the mode

to be fully formed with respect to angular divergence, although it

appears that from one to four additional round-trips are required for

the intensity to approach its final value. It would seem desirable to

have several (more than two) statistically independent calculations for

each set of resonator parameters, in order to obtain suitable estimates

of both the average number of round-trips required to satisfy some

suitable mode-formation criterion (say 90% of fully-converged I /I or

p 0

an angular deviation of less than half a diffraction angle, or some

similar thing) and the variability from case to case.

Fig. F-3 is for a fully-decentered-alignment case (e = 1.0) with the

same Fresnel number, i.e., F = 9.6, M = 2.0. The mode formation seemsi eq

to be reasonably complete in a number of round-trips given by the I
nominal formula, i.e., in NMF = 6.26. If one instead uses four times

as large a value of F2, as mentioned above, the estimated number of

round-trips would be 8.26. From this case alone, it seems difficult to

choose whether the best estimate of the required number of round-trips

to achieve reasonably good mode formation is six or eight. Certainly I
eight seems a large enough value.

Fig. F-4. presents results for a case with smaller Fresnel number,

namely F2 = 12.8, but the same magnification, M = 2. The predicted I
number of round-trips for mode formation is NMF = 3.7. From the plot it

is clear that the angular position of the far-field maximum is rather well -,

centered after four round-trips, but the peak intensity is still increasing

258 -

",



for several more round-trips.

Fig. P-5 -eturns to the original Fresnel number, F2 - 76.8, but

f ses an increased magnification, M = 4. As a result, the predicted

number of round-trips for mode formation is only half that of the cases

in Figs. F-I and F-/, namely NMF 0 3.1. It appears that the far-field

peak is well oriented in direction after four passes, while the peak

intensity requires about five round-trips to settle down.

One computer run was made in a rather naive fashion using input data

describing a very large Fresnel number, such as seems likely to be

typical of excimer lasers. The number of mesh points allotted to the

I near-field complex optical amplitude distribution was only moderate,

namely a total of 512 mesh points, of which 256 were on the aperture and

the other 256 were allotted as a "guard band" such as is necessary in

FFT calculations. Results were not at all typical of what one would

expect for an actual physical situation with very large Fresnel number.

* I: This is readily understandable, of course. To model in any reasonably

reliable way the diffraction behavior one must assign a number of mesh

points several times as large as the equivalent Fresnel number. It is

essentially impossible to employ a number of mesh points of the order

S of 104 or greater, or in any event it would be quite expensive. Hence

,jJ it appears that modelling of mode buildup in resonators with the very

large Fresnel numbers associated with excimer lasers will be expensive,

, I if not impracticable. One can instead hope to investigate trends for

more moderate values of Fresnel number and for various values of

1j I magnification.
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Calculations were also made for a resonator with rather small

magnification which is being employed in experimental studies. The

parameters are F = 81.37, M - 1.32. The sensitivity of the predicted
2

number of round-trips to magnification is clearly evidenced here, for

we have NMF = 15.8, which is considerablv larger than for the previously-

discussed cases. Results are presented in Fig. F-6. Unfortunately the

maximum number of iterations which were calculated was not enough to

fully test the Ananev prediction, since the mode was not well formed

at the end of twenty iterations. In any event, these results seem to

indicate that, for this particular combination of F2 and M at any rate,

the Ananev prediction of a strong dependence of N on M is confirmed.
MF

This point seemed, in fact, to be the one which was most stressed by the

Russian investigators, who pointed out that a very large magnification

could be used to avoid possible problems associated with mode formation

times.

From inspection of these results one can attempt to discern trends I
and to come to some tentative conclusions. Because of the apparantly

pronounced statistical variability between physically identical cases, it

would appear that a considerably larger number of calculations similar to

those discussed above would be necessary to characterize the problem area.

The tentative conclusions are:

(1) The behavior of both the near-field and far-field distributions

after successive round-trips is significantly different for calcula-

tions made with different sets of random numbers used to determine

the phase distribution of the initializing wave. This seems to imply

that the physical behavior of a resonator in this respect varies

[ ~'260
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substantially from pulse to pulse and hence that any statements

I made about mode-buildup time should be interpreted only in a

* statistical sense as representative of an ensemble of cases.
S

In this respect, of course, the present tentative findings differ

from the Ananev formulation. It would be interesting if shot-to-

shot differences in mode-buildup properties could be experimentally

I observed.

1 (2) The far-field distributions at early stages were not as

randomized as had been expected. After only a few round-trips the

Ifar-field distribution has usually taken on a rather regular shape
similar qualitatively to final shape. The pattern is of course

different in specific respects from the final pattern, and in

particular is in general not symmetric about the optic axis.

(3) It seems somewhat meaningful to make the subjective statement

Uthat the eventual settling down of the far-field pattern to its final

form, as far as angular deviation is concerned, seems to be largely

'a Ia monotonic decrease in its angle of tilt with respect to optic

.j axis.

(4) The decrease in tilt angle can in at least some cases be readily

discerned after it is reduced below one diffraction angle. Thus,

% lthere is some arbitrariness in definition of the time at which mode

formation is complete. It seems reasonable to adopt the definition'1
I that mode formation is complete when the center of the far-field dis-

tribution becomes and remains displaced by less than one diffraction

'| angle.
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(5) The results of calculations for various combinations of

Fresnel number, magnification, and random-number sequence are

in reasonable qualitative agreement with the Ananev formula for

mode-formation time. The statistical variability seems to pre-

clude anything but a very tentative conclusion in this respect

without performance of a number of statistically-independent

calculations for each combination of magnification and Fresnel

number.

(6) For very large Fresnel numbers the geometric angle within

which the spontaneous emission is retained on the first resonator

pass becomes relatively large, and the number of mesh points re-

quired to represent such large tilt angles becomes quite large.

For this reason one could not expect to be able to reliably model

systems with Fresnel numbers as large (perhaps 10 4 ) as those

associated with typical excimer laser designs, unless one used an

enormously large number of transverse mesh points with a

correspondingly large computer time. This limitation on wave-

optics modelling capability was observed in one computer run.

It seems clear that it is entirely impractical to expect to perform

wave-optics calculations at Fresnel numbers as large as those typical

of excimer lasers, hence this avenue is closed as a method of investigation

of mode-formation dynamics for such lasers. The following recommendation

is made as an alternative: Perform a number of statistically-independent i
wave-optics mode-formation-dynamics-modelling calculations for each of a

substantial number of combinations of magnification and Fresnel number,
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I

and use these to investigate trends of average value and statistical

I spread of number of round-trip times for mode-formation as a function

of M and F The best estimate of the mode-formation properties for

excimer-range values of F2 would then be based on the trends determined

for moderate values of F One should note that statistical fluctuations

in number of round-trips for mode-formation imply statistical fluctuations

I of energy on target for pulsed-mode high-energy laser operation in regimes

where mode-formation is incomplete within a pulse, since laser pointing

systems obviously cannot respond sufficiently rapidly to compensate for

variations in effective pointing angle over a few round-trip transit

times.

1

/
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IX. Sensitivity of Spherical-Aberration-Induced
4.

Degradation in Beam Quality to Output Coupling

We have separately derived equations for the root-mean-square

optical path difference RMSOPD over a square aperture in terms of the

coefficient here designated C., of the expansion term C5r4 = C(X 2 + Y)2

for the OPD and of the halfwidth, a, of the output beam. The derivation

assumes a confocal positive branch resonator with each mirror having a

spherical figure. The result is

RMSOPD = 0.675288 a4 C5. (IX-l)

The rms variation of phase over the output beam, AOrms, is then

Arms = 2- RMSOPD (IX-2)

For relatively small variations of phase over the output beam, the

Strehl ratio, I/I, giving the ratio of central far-field intensity (for

an unobscured aperture) to the intensity of a uniphase beam with the same

intensity is given approximately by

I exp (-Arms2) (IX-3) 1I010

From equations which we have derived earlier, it follows that the J
coefficient C5 can be expressed in terms of the magnification M and the

mirror spacing L of a confocal resonator as follows:

C5 = (i - I/M) 4  1 1 -1
5 32 L3 ( - M-4  (IX-4)

The above equations in combination give the Strehl intensity ratio

as a function of L, M, , and a. In order to explore the sensitivity of
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I
spherical-aberration-induced degradation in beam quality we have cal-

culated and plotted the Strehil ratio (defined as if the output were

unobscured) for a fixed value of L = 400 cm, a wavelength X of 0.3514 X

10-4 cm, and various combinations of M and a. We have plotted the Strehl

ratio as a function of the full width, 2a, of the output beam. The

curves have somewhat arbitrarily been labeled with the geometric output

coupling as an alternative to the magnification. M, the value of

geometric output coupling being simply (1 - M 2).

There is a weakness, at least in principle, of the above approach in

that it calculates the effect of phase aberrations on the central far-

field intensity as if the output were not obscured b,- the feedback mirror.

We have also made numerical calculations which accounc tor the output

obscuration, and find the results are very little different from those

obtained with the above equations. We have chosen to present the un-

* obscured-aperture equations and associated plot since the equations are

simpler and thereby permit a more convenient interpretation.

It is immediately evident from the plot that spherical-mirror

resonators become entirely unacceptable for beam widths as large as 30 to

'I 60 cm, depending on the acceptable level of beam quality degradation.

'I (Note that the negative exponential dependence of Strehl ratio is not

* fully valid for ratios as low as the minimum value shown on the plot).

It is also clear from the plot that resonators with large output

couplings produce more degradation than those with smaller outcouplings.
I

To compare resonators with different outcouplings one could of course

4 *; Scompare values of Strehl ratios of the two resonators at fixed beam size.
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As an alternative, and perhaps more useful for comparison, one can

compare values of beam width at which each of the two resonators produce

the same amount of beam-quality degradation as measured by the Strehl

ratio. Although it may not be immediately obvious, it appears that from

the plots this ratio is approximately independent of the value of Strehl

ratio chosen for the comparison. That approximate independence is under-

standable from consideration of the equations given above. The dependence

of the RMSOPD on M is contained in two factors. Of the two, the factor

1 represents the ratio of the overall effect with repeated re-

(i - M-4 )

flections in the resonator to the effect of spherical aberration for a

single-pass situation such as might be inspected interferometrically.

This factor does not vary greatly with outcoupling, ranging from about

0.98 to about 0.88 for the range of outcoupling shown in the plot. The

other factor involving M is of the form (I - 1/4, which can be written

as

4
But of course the dependence of RMSOPD on the halfwidth a is of the form a_

It follows that, to a reasonable degree of approximation, the value of a

(and hence of the full width 2a) at which a given RMSOPD occurs is propor-

tional to the one-fourth power of the reciprocal of the factor given above

involving M. That is to say, one expects the value of beam width at which

a given level of beam-quality degradation occurs will be approximately

proportional to the quantity

M
(M - 1)
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The above simple prediction seems in agreement with the plots.

I For instance, the predicted ratio for 65% outcoupling as compared to

85% outcoupling is 1.5.
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advanced dynamic instrumentalton T LE R

1% Series

PIEZOTRONS MINIATURE j

Pressure Sensors
... WITH INTEGRAL ADAPTORS I

Features J
* LOW IMPEDANCE a HIGH RESONANT

OUTPUT FREQUENCY

* ACCELERATION * STABLE QUARTZ
COMPENSATED SENSORS

" HIGH RESOLUTION * KISTLER QUALITY A

10,000 •1 RANGE

The new 201 Series Miniature Pressure Transducers Mini-Gages are interchangeable with 601 or 603
wfth integral connector/adaptors are the latest transducers for present or new uses.

development in this field. The 201 design is based
-m the highly successful 601 type quartz sensor pro- The unit construction of the transducer and adaptor

d1ed for many years. However, the addition of eliminates sealing problems and saves installation

P lotron low impedance electronics adds import- time.

a capabilities to this mini-gage. The 201 with its Four models of the 201 Sensor are offered with
kIernal impedance converter gives a direct, high full scale ranges from 0 to 100 psi in Model 201B5
gvel, voltage signal with less than 100 ohms output and 0 to 5,000 psi in Model 201B1. U

Impedance. Long, moving cables present no prob-
lem and special cables are not required. Also, a The 201 is not limited by shock or vibration except
charge amplifier is no longer necessary. A less in the most extreme environments, and is enclosed
expensive coupler may be used, instead. All 201 in a rugged, sealed, stainless steel case.

Cavity Dimensions Recessed Mounting
DS (where installation area Is restricted)

Coax. Conn. M7 X0T
- 0-32 Thd rThd.

.28 Dla

.20 .22101
-19132 H4ex. 20Did.

1 .4 .3 2. or F 1

so M? xo7S [ X .4,a1 ss
Thd The cavity for tMe mounting must be

23 Flush mounting exposes the sensor to carefully machined to match dImen-
the pressure source for maximum fidel- $ions of individual transducer and seal.
Ity. Recessed mounting affords a meas- The optimum space between diaphragm

' 248 0~a. ure of protection for the sensor dia- and bottom of cavity is 002 in. High
phragm, and permits use of ablative frequency response is somewhat im-

- 218 O. coating for maximum protection. paired by this method of Installation.
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Cory AG I3s B~T UI!T BW -~ Typical PIRZOTRONO Pressure Sensing SystemI I COUPLER

201 SERIES MINI-GAGE 7-~ -~
B 128M t.) CABLE

201 TRANSDUCERREDU

Couplers I

I To complete the system a wide choice of couplers is offered in the 548 and 549
* series. Optional filters and several types of power inputs are available. Model 507D

Coupler provides Increased capability. Please refer to our Coupler Data Sheet for
details.
In addition Models 583, 5030 and 5040 Laboratory Amplifiers are offered with
extensive versatility and many options for more complete pressure studies.

Specifications : L *.Model Vafat~~C
.,PRFRMNC ~ ~ ' UNITS 20101 i 4 2 0 1 82 ""/, .20184 20155I rsure Rng.. 5V. out,.'.... psi 5,000 200 I D

1 ±verrange --- psi -7500 300 150'
ResolIo (no-se)-- psi rms 0.05005 ." "0,0020.0

Maximu mresaur 1 10,42
.Linearty."BF.S.L. -- ----. - %

..,Resonant Frequency,. nom. -,kHz So002
* Ris Time, 10-90% Asc1 2

Time Conatant, R.T.- --------- sec "1,M 40500 0

Low Frequency Response, -5%1 Hz -. 0.0003 0.001 * 0.0025 0.00
*High Frequency Response, +5%. Hz20,02000

II ~ENVIRONMENTAL m -

Vibratn ensitiv,&1 0.0

ECTRICALY$"IOutput Current, min.---------.., 22
Polarity. preesure Incrss...-. ieat Negeti
Bias Voltage. --:--------- V.a111 :r2.o2
Circuit Return---- ---AC isco

'4 1Output Impedanicej max.1.i -- ohms 10 0
/MECHANICAL'kU ~ =1 : 4* .6 -

Weight -------------------- in <1 if 10<10 :.t&*<10I 3Came and Diaphragm Material .. ,Stainless St,; Stainles S Sta ies SO tlsss
*Mounting Torqu.i,_._.' ------ in-lb 24 ' "i24 24 24

Sealing --------- id. Wede
COWER SUPPLY V
'Constant Current Source - mA 4±1 *4 ±1!41.i ISupply'Ripple, maxm m ,15.2
Supply Voltage, no lod- VDC 20-30 ,M ~2-0 '' 03.~ 03
Source Imeac.nohms It 2510 ktl it50 .' 250 It

To order, Specify: Choose:
Q Model 20181. 201032, 20184, 20185 (in- 0_- Model 128M (x) Cable, length (x) 0 548 Series Coupler

cludes one each Model 600A3, Slain- It. Standard length, 10 ft.059Sre ope
13less Steel Sleeve .248 long, 600A6, xeso als eDtaSot 059Sre ope
*~~~~~ Sass Seal. .060 long, end 600A 1, Teflon 0 xeso alsseDt he 1117D Coupler

Seal .060 long). Q Model 6239 Ruggedized Adaptor, 3/6-24
0 TpMoel600t3(M x0.7) f e- thd.. 7/16* hex. 0 5030 Dual-Mode Amplifier

quired to thread mounting cavity. 06040 Dual-Mrde Amplifier
See dat shet on above seleotrone

* choice of models & flilers.

-. ~~iUst I nstrumemd C~omp"~J~ OVERLAKE INDUSTRIAL PARK, REDMOND. WASHINGTON 9602
d,,,,asucppl.se PHONE 200/885-37371 TWX 910/449-2860 - TELEX 3-2313

242-7/72
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I

PIEZOTRON Couplers

" "" / "... .I" ,,,o t - 5'9

54881

V I
p.- 54A .549

5870

549C

Kistler Instruments was recently awarded U.S. coupler is a common interconnection device through
Patent No. 3,569,747 for its invention of Piezotron which power is supplied to the Piezotron transducer
low impedance transducers. A miniature electronic (or converter) and the useful signal is extracted
circuit is built into the transducer housing which (de-coupled) and transmitted to the readout equip-
converts the high impedance generated charge to ment.
a high level voltage signal with a low impedance Kistler's wide selection of couplers offers a choice
output below 100 ohms. The power to the transducer of power requirements, and signal conditioning op-
from a remote coupler and the signal from the trans- tions tailored to the needs of industrial, laboratory
ducer to the readout equipment are transmitted over and field use.I a single inexpensive cable. This eliminates all of the
inherent piezoelectric high impedance problems of
electrical leakage, cable noise and signal attenu- PIEZOTRON SYSTEM DIAGRAM
ation and allows the transducers to be used in con-
taminated environments and with long and moving TRANSOUCER w .,1 COUPLER.
cables. Special low noise cables are not required -IMPEDANCE * ,IA, '' COUPLNG ]
and the use of charge amplifiers is eliminated. A CONVERTER CAL ' TO

wide selection of these transducers are now avail- -
able for pressure, vibration, shock and impact meas-
urements. DIODE

A series of external impedance converters is " W4 '

offered for use with existing high impedance trans- LMA I
d toON

ducers and is described in a separate brochure. In 3, D I

addition to the above application, converters extend . .A _E
the useage to load and force measurements. - ,

To complete the low impedance system, a choice E AL POWER 80UROrU0 T he !f; of couplers as described herein are offered. The .,. ...... .OR INTERNAL BATTERIES .-

Sii' 318
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BASIC COUPLERS 549 is AC coupled and eliminates the bias V~~~eI giving only the useful dynamic response of the
548D is the simplest in the line. It is DC coupled transducer. It requires a 24V DC external poWer
and requires a 24V DC external power source. It source.
should be remembered when using this coupler
that an 11 volt bias results in the output with the -'5-'
useful signal impressed over it.

I10-32 HCOXAREETCE BNC CONETO
CABLE (3 ft.) -

[.~.3I ~ ~ ---BLACK BATTERY f
I - RED i BATTERY (

I BNC CONNECTOR-/

MICRODOT NCOETR
CONNECTOR BNCOETR

54861 is AC coupled. It is self-contained and has an 8DI
internal battery, so that no external power is required.

4.50

548BI 5480 549 Specifications
4 Piezotron Input1 1± 0.1 3.±05 Current (Note 1) - _.mA i

5 10 10 Full Scale Vp

NA NA NA Noise LP
/DOT 10-32 /L DOT 10-32 BNO lack * Connector ----------- - --

impedance- ------------------ -- k....lc 4hn

Transfer Characteristics

.;:I Gain-
S Frequency Response w/1 meg load

~'-: ~ 5% 10 Vpp output

NA DC to Notel I NA O C mode ..-

..03to NotesI NA .07 toNote I AC mode.- - -

I NA.' kv ii
NA NA ) Filter Supplied, unies otherwise spec. .

Soutput7F ,7
<100 In 0 <100 ~ i mpeance -------------------- -- --------

.seris with seiswihl

"0 11nominal 0 B~ ias -----------I . / ~ Full Scale Signal

~5100 Voltage ..VPP
UCurrent (-t 20%) pp~

- BNC Jack BNC jack tS4 ak'* Coinector---------------------------- --
It ~~ r Power

I .. ~~~~Battery+2± int..Vot
*. 3.g±L-0.5 *.9 :t.5 ~ Current ---------------------- .MA 4--

None Leads odgug Connector ------ -------- - ---
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The 549 A, B3, & C Couplers incorpor- LEF EN VIEW -CO PESWT FLER I
ate plug-in filters to minimize extra- TPCL FILTER NOCO PESWT FI ER

neous signals. They are all AC cou- WINDOW

pled and offer 3 choices of powr F7 7

549A is line powered. It includes a 3- 2
wire cord for 115 Volt AC input.

SW is designed mainly for field or
vehicle use and is powered by an ex-
Wemal 12V DC power source. A DC _____________

to DC converter is incorporated for in- SIGNAL IT L\1
creasing the voltage to a level requi- BNCCONNECTO R - *--.4.875- -- - -

red for Piezotron applications. RGTEDVESI

549 ha th aded eatre f bingOUTPUT SIGNAL OUTPUT SIGNAL

nal batteries for which an 'ON-OFF' N) Q<)
tswitch is provided. Three 9 volt, 500 1.7 /

mAh mercury batteries are included 75 sm
with the original unit, whic wilgv0 ~
about 125 hours operation. However, __0
most types of 9 volt batteries may be 549 iiv 5B54C 12VDC

usedas eplaemets.LINE POWER CORD BATTERY I 834

50-40HZON-OFF POWER INPU

_1 9 4B549C . 587D Ii
~9 :-0.5 2 :t0.2 3.9±:-0.5 3.9±t0.5

10 10 . 10
"1020 300 250

.4NC Jack BNC jack BNC lack BNO jack

>200 _,35 >200 20

1 1 0.5 to 2 Noe1: A Plerotron current of less than 3.gmA

will not effect the performance of the Piezotron j
Transducer. However, It limits the useable3

rKANA NA 0 to 70k t Cable length. The maximum undistorted fre-
to SO~ltquency at a given signal amplitude with a

Slt30k 0.07 to 300k 0.07 to 300k 0.5 to 70k . resistive load greater than 10k a Is determined
9 45B14 545B14 545614 645613 by the following relation:

15in <5 i <15in 2 t ax (~z) .32 x (Piez. input current fmAl -1 ImAl)
Wearis wit seris wit sort with(cable capacitance [,u F) x (Signal amplitude [pj

4704711 F Via.LF Vp)

:7F0 0 ±2.5
Adjustable

.0 10 10 10 Opontif: Bandwidth LimitIng Filters (low.-
4 a 20 Model 5459311 3 db down at 10kHz
BNC lack BNC Jack 13NC lack Model 845813 3 db down at 100kHz

Model 545814 extends response capability
S1111 10 3 Built-in 12 * 20C 115 1- 10 man beyon~d 100kHz

B040 altteries W0400 Hi Model 54513t6 3 db down at I1kHz
403 40C 160CC0 lrot Model $4581? 3db down atlk~z

easEw Nofle AMP 3-wire cord Model 545918 3 db down at 60kHz

tINof Mwith 4IS14 FNWs
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;I . 2!,NT50
T..... /"BNC• .', " ''

I ~~~~ ~ 0 "'-w". ] '"I'. SIGNAL INPUT, LINE TEST & ll.I ~ ~~CONNECTOR/, ,'0 ()

AC POWER

-I <o, .iI OUTPUT NPOZER
CONECTR "' CLIBATON-FIOI

587D Coupler, Line Powered

IIN THE LABORATORY, where versatility and call- indications are read on the integral meter. A choice

bration techniques, are necessary and 11 5V AC of filters is provided to tailor response and adjust-
I power is accessible, we suggest the 587D Coupler. ment. A Zeroing Knob Is provided for ease of adjust-IIt provides a complete and inexpensive system ment. In addition, there is an external screwdvevri I capability for low impedance transducers used in Calibration Adjustment with a range of 0.5 tO 2X.

pressure, shock, vibration and force measurement. When not matched to a system the coupler Is setI IThe coupler's frequency range of 0.1 to 100kHz for unity gain. A viewing window is provided foi
•imakes it ideal for pressure measurement. determining the model number of the filter installed.

i I The 5870 Coupfer incorporates both AC and DC

* modes. The AC mode of operation is used for short
*term events, as in dynamic pressure and vibration, LAB AMPLIFIERS

Sand where variable temperature conditions exist. For even greater versatility, please refer to our
The DC mode permits static calibration of pressure Piezotron and Dual Mode Amplifier data sheets, i.e.

I transducers and measurement of logterm events 583, 584, 5030 and 504D. With these, an additional

up to the capability of the transducer. wide variety of features and options are offered in-
This compact, sturdy, aluminum cased coupler cluding range control, time constant selection,

m has momentary-type push buttons for Line Test and calibration facility, automatic zeroing, a variety of
*Monitor. The Line Test Button gives an input integrity output signals for various readout instruments and

check, while the Monitor Button, when in DC mode, many others. 19" rack mounted, multi-channel cou-

igives a direct systems readout or zero check. These piers are available.

SOrdering Information, Specify: Model 549C Piezotron Coupler w/138M3 Cable (length 3 f14 and

II Mdlmating power connector KP 42
Mel54881 Piezotron Coupler w/138M3 Cable (length 3 It.) Model 5870 Piezotron Coupler w/138M3 Cable (length 3. 1.)

SModel 5480 Piezolron Coupler Set of 3 Replacement BatterIes, NEDA 1604M TyPe (fur 53

Model 549 Piezolron Coupler wI138M3 Cable (length 3 II.) Coupler)

Model 549A Piezolron Coupler w383Cbe(length 3 It.) 1Replacement Ballory, Mallory No 092or Equal (for 5

Model 5490 Piozolron Coupler w/138M3 Cable (length 3 ft.) and Culr
3NEDA 1604M Batterles See Kistlers, Transducer Cables & Cable Adaptors Data Sisget.

.' ;i i IKistler instrument Company

OVERLAKE INDUSTRIAL PARK. REDMOND. WASHINGTON 98052 •IPHONE 206885-3737 TWX 910/449-2860 • TELEX 3-2313
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