.
.
.

o

2 s = = 2
. ‘ . . .
o Z 2 o = s A
.
: . . . .
... .
.

o

-

ﬁ&%

20! o LoV =
9 WHOod ALl .
-

. . . T .
-

.
., ...W%‘%%af

es

=




TECHNICAL REPORT NO. 8641

DEVELOPMENT AND FABRICATION

OF
RING LASER SYSTEMS

P. H. LEE

THE PERKIN-ELMER CORPORATION

CONTRACT NO. NAS 8-11669

DECEMBER 1966

National Aeronautics and Space Administration -

G. C. Marshall Space Flight Center
Huntsville, Alabama



PEﬁK'N“ELMEH Report No. 8641

APPENDIX IIIL

THE PERKIN-ELMER CORPORATION
NEW TECHNOLOGY INTERIM REPORT

October 14, 1965

ITI-i



PERKIN-ELMER

Report No.
TABLE OF CONTENTS
Section Title
1 THEORY AND OPERATION OF RING LASER ROTATION
SENSOR
11 OPTICAL COMPONENTS AND MECHANICAL STRUCTURE
A. Pressure Tight Housing
B. Invar Supporting Frame
C. Adjustable Mirror Mounts
D. Plasma Tubes
E. Plasma Tube Supports And Heat Shields
F. Variable Loss Control
G. PZT Mirror Pusher
H. Mirror And Beam Extractor Prism
I. Shovel Nose Prism And Interferometer
Prism
J. Nonreciprocal Transmission Element
K. Nonreciprocal Bias Element
I1T ELECTRONIC SYSTEMS
A. Laser Tuning Servo
B. Laser Intensity Servo
C. Laser Filament Supply And Plasma
Voltage Source
D. Plasma Current Control
E. Beat Frequency Offset And Measurement
F. Temperature Control Servo
v RESULTS OBTAINED
A. Earth's Rotation
B. Magnetic Field Sensitivity
C. Beat Stability
D. Beat Pushing
E. Bias Current Calibration
F. Plasma Current Balance
v CONCLUSIONS AND RECOMMENDATIONS

iii

8641

13

13
13
13
16
16
18
19
19

19
20
22

25

25
26

29
29
29
30

31

31
31
32
32
33
33

37



PEHKIN‘“ELMEH Report No.
LIST OF APPENDICES
Appendices Title
I OPERATION MANUAL, ELECTRONIC CIRCUITS,
AND PARTS LIST
11 MEASUREMENT OF SATURATION INDUCED OPTICAL

NONRECIPROCITY IN A RING LASER PLASMA

ITI INTERIM NEW TECHNOLOGY REPORT

iv

8641



PEHK'N_ELMEH Report No.

Figure

10

11

12

13

14

15

16

17

LIST OF ILLUSTRATIONS

Beat Frequency Variation vs. Resonator Tuning,
for Different Beam Power Ratios (Curve A, ratio =
.81; Curve B, ratio = .59)

Ring Laser Optical Configuration

Laser Total Output vs. Frequency

Laser Output in Automatic Control Mode
Optical Components

Adjustable Mirror Mount

Plasma Tubes Used In Ring Laser

(No Title)

(No Title)

(No Title)

(No Title)

Nonreciprocal Bias Element and Mount

(No Title)

System Block Diagram

Representative Scans of Length Versus Analog
Conversion of Beat Frequency .Output; Non-

- reciprocal Gain Set So Sum Intensity in Order A

Goes Negative, In Order B Goes Positive.

Representative Scans of Length Versus Analog
Conversion of Beat Frequency Output,Non-
reciprocal Gain Set so Sum Intensity in Order A
Goes Negative, In Order B Goes Nearly Constant.

Beat Frequency vs. Nonreciprocal Bias Element
Current

8641

Page

10
10
14
15
17
18
20
21
22
23
26

27/28

34

35

36



pEHKlN—ELMEH Report No. 8641

ABSTRACT

This report covers the development and
fabrication of a new ring laser system. Our approach
was based in part on the desire to make the instru-
ment itself a successful rotation sensor, and with
the hope of discovering or measuring effects impor-

tant to the advancement of the state-of-the-art.

The theory and operation of tﬁe Ring
Laser Rotation Sensor is presented. The instrument
and its component parts are described in detail.
The laser embodies a complex optical resonator having
controls for gain, nonreciprocal time delay, non-
reciprocal transmission, and overall loss. The
report also gives the system performance and our

Conclusions and Recommendations.
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SECTION I

THEORY AND OPERATION OF RING LASER ROTATION SENSOR

In the first paper suggesting the use of a ring laser for angular

rotation sensing, Rosenthal1 showed that the sensitivity to be expected will be:

- 4A

where
A is the ring area normal to the axis of rotation
P is the perimeter of the ring
A 1s the wavelength of light
(all above measured in the same units of length)
O is the éngular rotation rate in rad/sec
AF is the beat frequency between the counter-rotating

laser modes in Hz

In the same paper, Rosenthal suggested the use of a ring laser
for the measurement of any and all other forms of optical nonreciprocity,
including those effects on the beams resulting from the Fizeau Drag of a
moving dielectric medium and the Faraday Effects of optical materials in a

magnetic field.

1A.H. Rosenthal, "Regenerative circulatory multiple-beam interferometry

for the study of light-propagation effects,' Journal of the Optical
Society of America, Vol. 52, pp. 1143-1148, October 1962.
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These various, nonreciprocal effects each contribute to the beat
frequency output from an angular rotation sensor and could cause significant
errors in the rotation rate measurement. An example of such an extraneous
effect error is the beat contribution resulting from the nonreciprocity in
the index of refraction of the gas laser plasma itself. This inherent non-
reciprocal effect was first discovered at Perkin-Elmer some months before this
contract was started and was subsequently measured carefully. A description
of the measurement procedure, and a comparison of results with laser theory,
was published recentlyz. A copy of that publication is bound with this report

as Appendix II.

The nonreciprocity in index of refraction of the excited gas causes
an error in the beat frequency which is independent of the rotational bias--no
matter how large. It is sometimes called a "pushing' effect and should not be
confused with “pulling" or "locking" errors which can be completely eliminated
by a large rotational bias. In normal operation, the laser is biased to give

a beat frequency of 40 kHz.

The nonreciprocal dispersion error varies as the resonant cavity
is tuned across the Doppler gain line with characteristic dispersion curve
shapes drawn at the top of Figure 1. The bottom of Figure 1, drawn on the
same horizontal frequency axis, shows a typical power output curve at corre-

sponding cavity tuning frequericies.

2P.H. Lee and J.G. Atwood "Measurement of Saturation Induced Optical

Nonreciprocity in a Ring Laser Plasma,’” IEEE Quantum Electronics, Vol. QE-2,
pp. 235-243, August 1966.
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Figure 1. Beat Frequency Variation vs. Resonator
Tuning, for Different Beam Power Ratios

(Curve A, ratio = .81l; Curve B, ratio = .59)
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In addition to variation with cavity tuning, the nonreciprocal

dispersion error

also varies with the difference in power, AI, between the

clockwise and the counterclockwise going beams as shown by the dotted curves

in Figure 1.

The angular rate accuracy goal specified by this contract is

1 arc-sec/sec,

is approximately

for the measurement of the nonreciprocal dispersion effect, we were never able

to reduce the random error attributed to noise in AI to less than 50 Hz across

a full frequency

The sensitivity of a He-Ne ring laser of the size contemplated

2 Hz/arc-sec/sec. In the early experimental ring lasers used

scan. As Figure 1 shows, errors as large as 12 kHz were

measured for large and intentionally unequal beam intensities.

Because this nonreciprocal dispersion error could be so large, we

felt it necessary to minimize its effect in the design of a sensitive and

stable laser rotation sensor. To do so, we chose to build a ring laser using

isotopically pure Ne and to control the following three parameters in the

design:
F - the
I - the
AT - the

for

optical frequency referred to the atomic line center
average laser output power in both beams
nonreciprocal difference in cavity transmission

the clockwise and counterclockwise beams

To eliminate mode locking or pulling, it was necessary also to

provide a large simulated rotational bias. This Faraday effect bias was a

fourth controlled and stable laser-~design parameter:
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An - The nonreciprocal difference in index of refraction for
the clockwise and counterclockwise beams in the absence

of any physical rotation

The first two of these parameters, ? and (), are reciprocal
properties which we chose to control with interlocking servo mechanisms which
will be described in detail latgr. The second two parameters, AT and An, are
nonreciprocal properties which we preset using two orthogonal Faraday effect
devices. Thereafter, we relied on good mechanical, thermal and current

stability to hold these parameters fixed.

The ring laser which we designed has the optical configuration
shown in Figure 2, The optical path lies largely in a horizontal plane. The
design is intended to provide good rotation sensitivity by maintainihg a

large area-to-perimeter ratio within the confines of a square case.

Competing effects from gain in the infrared line at 3.39u are
removed by dispersion from the prisms located at \é) and(:ﬁ. These prisms
are modified to act as Faraday effect nonreciprocal control elements, one
affecting the transmission difference, AT; and the other, the index of refrac-
tion difference, 4n. The first element is called a nonreciprocal transmission
control. The second element is called a nonreciprocal time delay, nonreciprocal

bias element, or "bizarre bar." These elements are described later in detail.

Optical tuning is effected by varying the cavity length using a
piezoelectrically driven mirror pusher shown at (3}. A second piezoelectrically
driven element controls the cavity loss, by varying the gap in a frustrated

total internal reflection (TIR) prism, shown adC:L



PERKIN-ELMER

Report No. 8641
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It is also possible to control the laser gain by wvarying the dc
plasma anode current, but this current will not usually be changed during a
run to avoid introducing thermal transients. Two plasma tubes are used as
shown at (g} and(if} Each tube has a central heated cathode and two indepen-
dently ballasted anodes, one at each end, to cancel out plasma drift bias. These
tubes have Brewster-angle end windows. Their anode and cathode supply circuitry

are described in detail later.

The laser frame is a heavy Invar box structure with a solid bottom
and a webbed top plate. The rails and plates were first ground flat and then
solidly bolted together to form a stiff structure, free from residual strain.
One mirror shown at (@}and the prism ;?}may be tilted to align the laser.
These reflectors are carried in ground ball and socket joints which can be
friction locked when the adjustment is complete. These locking mounts are

described in detail later.

The laser frame is kinematically supported in a thick walled cast

aluminum case, split symmetrically in the horizontal plane. The joint is

hermetically sealed to isolate the laser from barometric pressure changes.

The case also serves as an oven wall which, together with an active
temperature control system, isolates the laser from ambient temperature changes.
A separate aluminum heat shield surrounds each plasma tube. These shields
carry heat directly from the tubes to the outer case and thereby eliminate

thermal gradients in the Invar laser frame.
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An unusually compact beam combiner is fastened to the symmetrically
placed output mirror mount shown at (}D. The beam combination scheme and

hardware are described later.

The combined output beam is directed to a photomultiplier tube
within the case. 1Its beat frequency signal is amplified externally and then
actuates a precise electronic counter, A second photomultiplier reads the sum
of the cw and ccw output power from the mirror at <§> through an incoherent
fiber bundle. This summed light power output signal carries all the information
normally used to control automatically both the laser power level and the

optical frequency with respect to the atomic gain curve.

The method by which this signal is used for control may be under-

stood most easily step by step:

First, the total laser output signal is displayed on the vertical
axis of an oscillograph while a sawtooth laser tuning drive is displayed on
the horizontal. ©See Figure 3. The TIR loss control is manually adjusted to
match the center trace in the figure where the dashed upper trace displays

too much gain, and the lower trace too little.

Having established this gain level, the tuning sweep is removed
and the laser is manually tuned to a frequency near the cross marked '"1". The
tuning servo is then engaged and adjusted to hold the laser to the frequency

marked by sensing changes in output power.

The laser could be operated indefinitely under this control

condition but with relatively poor long=-term frequency stability because
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the basic frequency reference is simply the measured power output. Under
these conditions, the frequency is dependent on the laser output stability

and on the photomultiplier gain.

Note that by reversing the sign of the error signal in the servo
loop the laser can also be set to lock to the point marked "2" which has an
equal output power level. This fact is used in the automatic frequency
control mode to provide sequential operating conditions symmetrically displaced

from the center of the Doppler broadened atomic line.

When using this automatic control mode, the oscilloscope gain and
centering controls are reset to display the pattern shown in Figure 4. An
internal digital logic system commands the transition repeatedly from servo
position 1 to position 2, and vice versa. In each position, cycles of the
beat frequency between cw and ccw waves are counted for precisely 1 second.
No beat counting is done during the 40 millisecond transition intervals

between servo positions 1 and 2.

The beat count is totaled following each l-second interval
and can be read directly from the counter display. The laser logic system
also includes an internal digital-to-analog converter for recording each

count on a strip chart with an expanded scale and offset zero.

If the beat frequency is consistently different between position 1
and position 2, this indicates the presence of saturation-induced nonreciprocity
in the laser plasma. Therefore the laser nonreciprocal transmission control
is adjusted manualiy to remove the difference by equalizing the cw and cew

beam intensities. The control is then locked for the duration of the run.
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Solid Curve is the Normal Laser Oper-
ating Condition and the Crosses are
Normal Servo Control Points.

Figure 3. Laser Total Output vs Frequency

(1 second) (1 second)

—

Figure 4. Laser Qutput in Automatic Control Mode
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This beat difference measurement is the only practical measure of small but
very important differences between cw and ccw transmission in the laser cavity.
The concomitant differences in power output between the cw and ccw beams are

5

so small (10 ~ to 10_7) that they cannot be measured photometrically with ade-

quate accuracy to use for control of the saturdation induced nonreciprocity.

To keep the output powers in the cw and ccw beams from changing,
and thus deranging the automatic frequency control system, the ring laser
also has an automatic intensity control system. In this system, the voltage
difference V required at the piezoelectric tuning pusher to tune from position
1 to position 2 is averaged over several preceding cycles. The averaged value
is used as a reference fon:second loss control servo which adjusts the cavity
loss to hold the required voltage difference to a preset value. This in effect

controls the laser frequency difference between positions 1 and 2.

When the loss and frequency control servos are both operating at
the same time, the end result is that the laser frequency with respect to the
atomic line is controlled by the preset voltage V. The effective frequency
offset reference then becomes the voltage sensitivity of the piezoelectric
pusher. Thus, with both of thgge laser stabilization servos in operation,
frequency control stability is independent of laser output power and photo-

multiplier gain variations.

The details of these servo controls and of the logic system which
commands them are fully shown in the circuit diagrams in Appendix I and are

briefly described in the text.

11
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SECTION II

OPTICAL COMPONENTS AND MECHANICAL STRUCTURE

A. PRESSURE TIGHI HOUSING

The ring laser is housed in a heavy-walled, cast aluminum case
with a gasketed cover. Hermetically sealed connectors are used for all
electrical inputs, and the entire case can be sealed to reduce acoustic and
barometric pressure changes. A temperature control servo, consisting of a
thermistor sensor, amplifiers, and a group of resistors distributed about

the inside of the base and cover sections, maintains the temperature constant.

B. INVAR SUPPORTING FRAME (See figure 5.)

The optical components of the ring laser which determine its
geometry are supported by Invar mounts designed to lock securely in position
after being adjusted for maximum resonator Q. The component mounts are
attached to either the bottom or sides of a heavy, very rigid, Invar box
structure. This structure rests on three Bakelite studs inside the cast
aluminum case. Lateral freedem is provided at these three points to prevent
strains which would otherwise occur because of the differing thermal expan-
sion of case and frame. The studs are made from Bakelite to give thermal

isolation between frame and case.

C. ADJUSTABLE MIRROR MOUNTS

Figure 6 shows a sectional view of the mounts used for the adjust-

able mirror and prism at diagonal corners of the ring. The mirror or prism

13
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Beat Interfer-
ometer Prism

>,

Beat Photo~
Multiplier

Nonreciprocal Trans-
mission Element

- Tt

T.I.R. Loss
Control Prism

Temperature
Control
Preamplifier

Nonreciprocal
Bias Element

Fiber - Optics Pipe To
Servo Photomultiplier

/ Mirror On Piezo~
Electric "Pusher"

Figure 5. Optical Components
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Figure 6. Adjustable Mirror Mount
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is mounted in an Invar cup (D) having a spherical surface at (J). Surface J
is ground and lapped to fit the base A, to which it can be locked by tighten-
ing nut C on spherical washer B. Rotation of part D is prevented by a bellows
(E) connecting it to the base A. To adjust this mirror mount, the locking
nut is released slightly and screws (F and G) bearing agéinst the rear
extension of (D) are loosened or tightened as required. Another pair of
screws, not shown, moves the mount in a vertical plane. When the desired

ad justment is obtained, the locking nut is tightened firmly.

D. PLASMA TUBES

Figure 7 shows a sectional view of one of the plasma tubes used
in the ring laser. It consists basically of a thick-walled 1.5 mm ID
capillary tube with an anode at each end. The cathode and getter assemblies
are contained in a short side tube, which communicates with the capillary
through a small hole at the center. An outer reservoir of larger diameter
tubing serves to stiffen the assembly, in addition to providing a sufficient
volume of gas. Glass is used throughout for structure. The windows, at
Brewster's angle, are made of fused silica. These tubes were filled with

3

a 7:1 mixture of He :Nez2 to a total pressure of 3 Torr. The active length

is about 15 cm.

E. ©PLASMA TUBE SUPPORTS AND HEAT SHIELDS

Lock;ng adjustments are provided in both the vertical and hori-
zontal directions for each end of the plasma tubes. To minimize heat conduc-
tion and consequent thermal gradients in the base plate, the tube is clamped
at the ends to the mount through rubber "0" rings. In addition, each tube is
surrounded, but not touched, by a close fitting thick walled aluminum shield
which clears the base plate and makes good thermal contact with the outer case.

16
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KESERVOIR

HOLE INTO CAPILLARY Bogs-
FUSED S/ILICA WINDOW

FUSED SiL/cA Wwinoow

\

CATHOLE

Figure 7. Plasma Tubes Used In Ring Laser
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F. VARIABLE LOSS CONTROL

Figure 8 illustrates the layout of the frustrated total internal
reflection variable loss prism used to control transmission of the ring laser
cavity. The beam enters surface 1 or 2 at Brewster's angle, and is internally
reflected at surface 3. The angle is such that the internal reflection would

be total except that another surface, C, is moved into close proximity.

B B
A cifg A
3
1 2
D \\\\\\\
Figure 8.

The transmittance across the gap (T) is then theoretically:

o - an beren
n = index of the material

d = width of the gap

A = wavelength of the light

ei = angle of incidence

The device uses parts A as mounting blocks made of fused silica. Parts B

are activator blocks of piezoelectric ceramic which deform, in shear in the
direction of the arrow, when an actuating voltage is applied. C is a fused
silica loss plate. Parts A, B, and C are first cemented together, then ground
and polished to an optically flat surface across A, C, A. Dielectric spacers
of about 1A thickness are evaporated onto prism D in the areas adjacent to

parts A, then the assembly of A, B, and C is placed in optical contact with

18



PERKIN-ELMER Report No. 8641

the coated area. This technique insures that the plate C will be spaced 1A
away from the prism surface at 3 when no wvoltage is applied to the piezoelectric
material, because the area under C was masked during evaporation. Range of

the device is sufficient so that the laser can be extinguished at maximum current

in the plasma tube.

G. PZT MIRROR PUSHER

Perimeter tuning of the ring laser is done by moving the mirror
at the corner opposite the beam combining interferometer. The mirror is
mounted in an aluminum cell cemented to the top of a stack of four piezoelectric
discs. Electrodes on each surface of the discs permit them to be driven in
parallel electrically to reduce the voltage requirement of the driving elec-
tronics. The four-layer pusher tunes the ring resonator through about 2-1/2
orders with the 450V output of the driver. The sensitivity is 1.24 MHz pef
volt calculated for an order spacing of 261 MHz and 210V required to tune

through one order.

H.  MIRROR AND BEAM EXTRACTOR PRISM

One mirror in a movable mount is backed by a prism which makes
use of two total internal reflection surfaces to divert the transmitted beams
onto a right angle prism at the rear of the mount. The right angle prism
reflects the two beams onto a fiber-optics flexible light pipe which in turn

carries the light energy to the photomultiplier at the input to the servo

tuning system.

I. SHOVEL NOSE PRISM AND INTERFEROMETER PRISM
To obtain a beat between the two counter-rotating beams, they

must be combined in an interferometer. The combining optics must not reflect

19
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energy from one beam into the other, and paths in air should be short. The

combination of prisms shown in Figure 9 accomplishes these functions.

Figure 9.

A prism integral with the mirror M can be rotated without effect on the laser

alignment to refract both beams so that they intersect. Surfaces S.,S S

1’727 °4’

59 S6’ and S7 are at Brewster's angle, for minimum reflection. In prism(®

surface S3 1s coated for equal transmission and reflection, and the beams

5

are combined here. Each pair of combined beams is totally intermnally reflected

at S4 and 85 and then exits diverging.

Three adjustments are required to align the interferometer.
A translation of the prism perpendicular to the beam divider surface places
the surface at the point of intersection of the beams. Rotation about two
perpendicular axes then serves to make the direction of the beam collinear.

The mount used provides these three motions.
J. 'NONRECTPROCAL TRANSMISSION ELEMENT

The element used, which has a differing transmission for a beam
traveling toward the right than for one going toward the left, is shown in

Figure 10 . Beams enter the device at 1 and 2 at Brewster's angle.

20



PERK'N—ELMEH Report No. 8641

1 a) NN 2
~ —_*_‘_“—‘_——x\
7 A S~
{

®

-~

&)

L

Figure 10.

A 1is a birefringent crystal quartz prism, part QD is a plate
of crystal quartz with its optic axis parallel to the light beam. It is cut
to the 0.214mm thickness required to give a 4° rotation of the plane of polari-
zation. Part @Dis a cylinder of fused silica, wound with a solenoid, Ll'
Longitudinal magnetic field in the solenoid rotates the plane of polarization
due to Faraday effect in the fused silica. Faraday rotation is nonreciprocal
and changes sign with the direction of the light, as viewed along the direction of
propagation of the light beam. The reciprocal rotation independent of direction
produced by plateis thus augmented for one direction of light, and diminished
for the other. (The quartz prism(:Dtransmits only one polarization orientation
along the cavity axis. The orthogonal orientation is refracted away.) The

combination thus forms an element which has differential transmission, the

amount being proportional to the current in Ll'

The unit is mounted on an adjustablé Invar base having motions
vertically and horizontally with respect to the beam. Locking clamps are
provided for each adjustment. The optical element is mounted in a fused
silica V-block to prevent transmission of strains from the base. The solenoid
iswound on a longitudinally split fused silica tube, which is shimmed at each
end to fit snugly around the optical element. The shims provide enough clear-
ance so that étrains from heating of the winding are not transmitted to the

optics on the axis of the solenoid.

21
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K. NONRECIPROCAL BIAS ELEMENT

. oW W a e L
1 2
// - =TT T Tr1rv—11 —— ~
- A B e © B A T
L2 ¢
Figure 11.

The nonreciprocal bias element introduces a nonreciprocal time
delay into the resonator, allowing the beat frequency to be offset from zero
when the ring laser is not being rotated. It is shown schematically in
Figure 11 and photographically together with its mount in Figure 12. The entire

optical element is made of fused silica.

The light enters at 1 and 2 at Brewster's angle. Sections B are
circular polarizers, in this case Fresnel rhombs, which produce circular
polarization through two total internal reflections at 45° to the plane of

incidence. Section C is a Faraday rotator, with solenoid winding L Under

9
these circular polarization conditions, current in the coil produces non-

reciprocal time delay for opposing directions of light propagation.

The nonreciprocal bias element is mounted (in a fashion similar
to the nonreciprocal transmission control above) on a fused silica V-block
supported by a locking adjustable Invar base. Here again, the coil is
tightly wound on a.split silica tube shimmed away from the coaxial optics,
and the combination of stable coil geometry and stable current supply insures

a stable field in the rotator element.

22
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Figure 12. Nonreciprocal Bias Element and Mount

23
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Mechanical, thermal, and electrical stability of the bias element
is essential to laser rotation sensor engineering because, in practice, in-

stability of bias;ﬁiII abg”a;~directly as an error in the rotation rate reading.

24
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SECTION III

ELECTRONIC SYSTEMS

Controls and outputs for the various modes of operation of the ring
laser rotation sensor are centralized in an electronic equipment console. A
block diagram of the console, together with elements located in the laser
housing, is shown in Figure 14. 1In this figure, the optical paths in the

housing are indicated by dotted lines, electrical connections by solid lines.

A, LASER TUNING SERVO

The laser tuning servo switches the length of the ring laser
cavity between two positions of equal intensity on the Doppler-broadened gain
curve (on adjacent cavity orders). It also regulates the intensity at a pre-
determined level at each position. For proper operation of the servo, the
overall intensity must remain so low that the laser is out, or nearly out,
between orders. For such a condition, laser output as a function of cavity

length would be as shown in Figure 13.

The tuning servo holds the intensity IO constant by continuously
controlling the cavity length by means of a piezoelectric driver which moves
one of the cavity mirrors. As the servo dwells at point X for example, the
electronic counter measures the beat frequency produced between the two
counter-rotating beams. At the end of the counter gate time, the counter
produces an end-of-gate pulse which triggers logic elements in the tuning
servo causing it to switch the cavity length to position Y. After switching,
the counter is reset and measures the beat at the new position. The end-of-gate

pulse then causes the cavity to return to position X and the cycle continues,

25
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Qutput

Cavity
Length

Figure 13.

A switch is provided in the servo so that the beat may be measured
continuously at either position X or Y. The cavity position can be transferred

from X and Y manually, or vice versa, by pressing a button.

B. LASER INTENSITY SERVO

Stable operation of the ring laser rotation sensor requires that
the intensity of the laser remains constant during measurement. Since opera-
tion of the tuning servo utilizes intensity as a reference to adjust the cavity
length, length is not an available parameter for control of the gain. For this
purpose, a variable loss element is used in the intensity servo. The variable
loss element is a frustrated total internal reflection prism placed at one
corner of the optical circuit. To introduce loss into the cavity, a fused
silica plate is moved piezoelectrically into close proximity to the total
internal reflecting surface of the prism. As the gap approaches the dimensions
of a wavelength of light, energy is coupled across it, and lost from the

resonator.

Error signal for the intensity servo is the difference in voltage
required to switch)the mirror between points X and Y on the gain curve. As
this voltage difference becomes larger, it represents a decrease in overall
laser gain, and the servo drives the loss element so as to produce a smaller

loss.
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C. LASER FILAMENT SUPPLY AND PLASMA VOLTAGE SOURCE

Current for heating the plasma tube filaments is supplied from
this unit, which is isolated from ground in an insulated enclosure. Voltage
and current adjustments are made through insulated shafts. The entire fila-
ment supply is maintained at a negative voltage with respect to ground, to
provide the necessary drop across the plasma, while allowing the anodes, and

associated current controls, to operate near ground potential.

D. PLASMA CURRENT CONTROL

The anode current control chassis (XC-594-0040) contains controls
and meters to vary and measure the total current in the two sections of each
plasma tube (A + B) and (C + D), and the difference in current between the two

sections of each tube (A - B) and (C - D).

The START circuit, also located on this chassis, provides a high

voltage to the four anodes when the START button is pressed.

Two operational amplifiers, A, and A2, are available on this

1

chassis, and may be connected to modulate the plasma currents.

E. BEAT FREQUENCY OFFSET AND MEASUREMENT

Current for the nonreciprocal bias element is supplied from an unu-
sually well-regulated precision power supply. The beat frequency formed by
combining the two beams at the beat interferometer prism is sensed by a photo-
multiplier inside the laser housing. The signal is amplified and shaped by
circuits in ‘the servo control chassis, and supplied to a frequency counter.
The digital output of the counter is indicated on the front panel. It is also

connected to a built-in digital-to-analog converter. Any three decades of the
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counter reading may be selected by a switch and the reading appears as a

(negative) voltage at the converter output jack.

F. TEMPERATURE CONTROL SERVO

The temperature of the laser housing is maintained several degrees
above ambient by a group of heaters distributed about the inside. The sense
element is a thermistor, in thermal contact with the bottom of the housing.
Bridge resistors, and a preamplifier are located inside the housing. The
signal is further amplified on board "C'" and applied to a driver power supply

which feeds current to the heaters.
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SECTION 1V

RESULTS OBTAINED

A. EARTH'S ROTATION

The ring laser was evaluated in the laboratory with respect to
stability and sensitivity. Facilities were not available for actually rota-
ting the structure; however, a tilting stand was constructed which allowed
alignment of the axis of the ring either parallel or perpendicular to the
axis of rotation of the earth. This corresponds to a change in rotation rate
from 15 arc-sec/sec to zero. AF measured for this change in position was

50 £+ 5 cps. The theoretical vaiue which should have been obtained by calcula-

tion from the equation

40A

ap = A&
F AP

(where A is the projected area of the optical circuit,
P is the length of its perimeter, N is the wavelength,

and () is the rotation rate),
gives a figure of 25 cps for one earth rate rotation.
B. MAGNETIC FIELD SENSITIVITY
Subsequent measurements of the sensitivity of the apparatus to

magnetic fields gave a maximum sensitivity of 170 Hz per oersted, a minimum

figure of 34 Hz per Oe, depending on the orientation of the field, so that
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the earth's field of approximately 0.2 Oe at this location, could fully

account for the difference of the measured beat from the calculated value.

C. BEAT STABILITY

Several long-term runs were made to measure beat stability under
servo control of intensity and position in the Doppler curve. The tuning servo
was adjusted to hold the intensity during beat counting at approximately 25% of
peak intensity, and the intensity servo assured that this intensity corresponded
to a fixed relation to the line center. Under these conditions, the beat
stability was %3 Hz for periods of several hours. This degree of stability was
readily obtained as long as the laser housing remained stationary. However,
if the housing was tilted, as was done to measure earth's rotation, a gradual
shift in the beat frequency was observed, and an hour or more was required to re-
establish the original beat frequency. This effect is probably due to changes
in internal temperature gradients causing local temperature changes in the

Faraday bias element.

D. BEAT PUSHING

Measurements were made of the beat-pushing effects as the resonant
frequency of the ring laser cavity was tuned across the Doppler curve. As
discussed in Reference 2, the change in beat frequency is dependent on the
relative intensities of the two beams in the resonator. Intensities for these
measurements were set as nearly equal as possible with the nonreciprocal trans-
mission control by observing the behavior of the sum intensity of the two beams.
When this remained constant as the frequency was scanned over the line center,

the intensities were judged equal.
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Variations in the beat of more than 100 Hz at the line center were
observed when the sum intensities were unequal. With careful balance of the
sum intensities, the variation in beat at line center was less than 30 Hz, and
at points away from the line center was less than 5 Hz. Recorder traces of the
beat frequency and sum intensity versus resonator tuning are shown in Figures 15 and

16 for conditions where the sum intensity increases, remains constant, or decreases.

E. BIAS CURRENT CALIBRATION

Figure 17 shows a calibration of beat frequency versus current in
the nonreciprocal bias element coil. Slope of the line is 57.3 Hz per milli-
ampere. Departures of measured points from the line are attributed to changes
in the Verdet constant of the element with temperature, as power input to the
coil varied from 200 milliwatts for large bias values, to 7.5 milliwatts for the
lowest point. For operation as a biased rotation sensor, the power input to

the coil would normally be constant during the entire measuring time.

F. PLASMA CURRENT BALANCE

Measurements were made of the change in beat frequency as a result
of changing the balance of the plasma currents in the laser tubes. For a
total unbalance between cw and ccw currents of 2.5 mA, the difference in the
beat frequency was 162 Hz, or a sensitivity of 65 Hé per milliampere of un-

balance. In normal operation, tube currents were always balanced to better

than 0.01 mA.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

It was clear at the beginning of this research program that many
of the factors affecting the stability of ring laser rotation sensors had not
yet been measured and it was suspected that some were still unknown. 1In de-
signing and building a new ring laser we tried, therefore, to build an instru-
ment in which we could control as many potentially important parameters as
practical within the contract scope. This approach was based in part on the
desire to make the instrument itself a successful rotation sensor; and in
part with the hope of discovering or measuring effects important for advancing

the art.

The performance of the instrument has now been described in some
detail, and it is expected that more measurements will be made at Marshall

Space Flight Center.

Some measurements have been made with this laser and reported

above which may be of value in future rotation sensor design.

Conclusions drawn from these measurements are briefly reviewed

here:

1. DC plasma tube excitation under controlled conditions
is thoroughly adequate for accurate rotation sensors.
This is fortunate because, used in combination with
hot cathodes, this form of excitation yields long

tube life and freedom from radio interference.
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2. Pumping level variation is a suitable output power
control mechanism if heat input changes are properly

compensated.

3. Faraday bias elements can be built with the stability
needed for ring lasers having this considerable

accuracy.

4. The following general control parameters remain important:

a. Frequency control must be maintained with respect
to the atomic line center. This implies open loop
mechanical stability, low temperature coefficient
materials, thermal isolation and barometric pressure
control - in addition to adequate sensing schemes for

servo frequency control.

b. The difference in nonreciprocal transmission AT must
be constant and very small. Ring laser designs would
become most practical if this condition could be
imposed simply by building a very clean ring resona-
tor with a minimum number of nearly perfect reflecting
or refracting surfaces. We are aware that this "open
loop" approach is the one being taken by most of the
other workers in this field. The important question
is whether adequate control of nonreciprocal trans-
mission can be achieved by open loop methods. Aé
the conclusion of this program, it is now our opinion
that the nonreciprocal transmission will have to be
measured and controlled during operation of sensitive

and stable laser rotation sensors.

5. It is possible to measure and control the nonreciprocal trans-
mission in a ring laser without significantly disturbing

either the bias or other important operating constants.
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It is important to reduce nonreciprocal scattering from

the beam because through a variety of mechanisms this
scattering makes the beat frequency a less reliable measure
of rotation. Ring lasers based on any design philosophy
will be improved by the elimination of dust, and by the

use of mirrors with a minimum of scatter.

We found beat frequency errors resulted from changes in
the ambient magnetic field which could be eliminated in

any future magnetically shielded instrument.

We note that the Verdet constant which describes the
magnitude of the Faraday effect for various materials,
has a substantial temperature coefficient. Future laser
designs using this effect should provide better local

temperature control of Faraday effect elements.

Better internal baffling is needed to reduce convection
currents in the air around the laser. 1In the absence of
these, our laser beat frequency responded (after a
noticable delay) to tipping and to other acceleration

changes.

At the end of this contract, we can reach these conclusions:

First, we have built a laser rotation sensor which is unusually

sensitive by present standards. That laser embodies a complex optical

resonator having a number of controlled variable parameters. We think, by

using improved components and control techniques, that future instruments

based on this design philosophy, can be made substantially better.

Second, we feel that considerably more theoretical and experi-

mental work will have to be done to increase our understanding of ring laser
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phenomena before sensitive, stable and practical instruments will be con-

ceived. Then more experience with construction and control techniques will

be needed before they can be built. Work done under this contract has made

several contributions toward increasing understanding of ring laser phenomena,

and of some techniques adequate to control them.
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GENERAL: RING LASER ROTATION SENSOR

Consists of two consoles and interconnecting cables. Unit one, an
aluminum container 19" x 19" x 8" deep, contains the optical portion
and photoelectric pickups. Unit two, a 6' rack panel, contains
power supplies, electronic servo controls and readout devices. A
Tectronix 585 oscilloscope or equivalent is required for setup and
monitoring of the servos.

ELECTRONIC SYSTEM OPERATION

Reference is made to the system block diagram, XD-594-0043, on page
I-21.

1. Laser Tuning Sexrvo

The purpose of the Laser Tuning Servo is to switch the cavity
length of the laser between positions giving equal laser intensity
on opposite sides of the Doppler-broadened gain curve. Adjacent
orders of the cavity are used to avoid competition effects at the
line center. ‘

The intensity of the combined beams of the laser is measured
by a photomultiplier, amplified on boards 7, 10, 11, and 12, and’
applied to the pusher with the proper polarity to maintain the in-
tensity constant. While the intensity is thus being regulated,
the beat-frequency counter registers the beat frequency. Input
for the counter is the beat frequency formed by the interferometer
and sensed by another photomultiplier in the laser housing. The
beat-frequency signal is amplified and shaped on circuit boards 1 & 2.

At the end of the counter gate time, the counter produces an
"end-of-gate" pulse (Drawing XB-594-0065). This pulse is applied
both to board 8 and board 9. From the one-shot multivibrator on
board 8, a 40-millisecond pulse is produced which disconnects the
servo loop. At the same time, a one-shot multivibrator on board 9
produces a 1l0-milliseond pulse. This 10-millisecond pulse is ap-
plied to a flip-flop circuit which reverses the polarity of the
intensity servo loop. It also initiates a ramp signal which moves
the pusher to the opposlite side of the Doppler-gain curve.

The 10-millisecond pulse, as well as the polarity information
from the flip-flop on board 9, is also used in the intensity servo,
to be described later.

At the end of the 40-millisecond pulse, a 5-millisecond counter
reset pulse is produced from board 8, and the servo loop is recon-
nected.

When the gwitch at the input to board 8 is in "External Trigger"
position, the tuning servo is cycled by the counter, and the gate
time may be selected using the counter controls. For this mode of
operation, the counter display time should be set to "®". When
the input switch is turned to "Single Pulse" the tuning servo is
cycled manually by pressing the pushbutton. In order to operate
the counter in "Single Pulse" mode, the display time selector must
be moved away from """, otherwise the previous counter reading will
be displayed indefinitely.
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2. Laser Intensity Servo

The tuning servo, described in the foregoing, uses intensity as
a reference to control the length tuning of the laser cavity. The
intensity servo uses as its reference the voltage difference between
the two pusher positions controlled by the tuning servo. For this
reason, the intensity servo can only be adjusted and operated after
the tuning servo is operating properly.

The voltage at the output of board 11, representing one pusher
position, is stored in a capacitor on board 14 or 15. The voltage
representing the opposite pusher position is subsequently stored on
the alternate capacitor. The difference of these two voltages is
applied through a variable attenuator to a differential amplifier,
on board 16. The output of the differential amplifier is further
amplified and then used to control a variable loss element in the
ring laser cavity. As the difference voltage, representing the two
pusher positions, becomes larger indicating lower overall laser in-
tensity, the servo drives the loss element to give less loss and
maintain the intensity constant.

OPTICAL UNIT

An aluminum container 19" x 19" square by 8" high encloses the optical
elements of the system. 1Input power is supplied through two 10-pin
hermetic connectors, "A" and "B" in photo 1 and outputs and plasma
anode voltages are through 4 type BNC coaxial connectors, W, X, Y,

and Z, and 4 MHV coaxial connectors, A , B, C and D in photo 2. Also,
housed in this unit are the thermistor temperature sensor, bridge
resistors, preamplifier and heater resistors for the temperature
control system. The temperature set-point adjustment is located on
the preamplifier card (Rx on board 5). (Photo 3).

ELECTRONIC CONSOLE

The electronic circuitry and power supplies for the ring laser are
mounted on this rack. Referring to photograph 4 their functions are:

A. Photomultiplier Hv: supplies high voltage to the control
photomultiplier which senses power output of the laser.
Normal setting 1.5 Kv.

B. Photomultiplier Hv: supplies high voltage to the beat
photomultiplier, which senses beat frequency output of
the laser. Normal setting 1.5 Rv.

C.D. Low-voltage Power Supplies. Supply positive and negative
DC to various amplifiers and control circuits. Normal
settings 15V.

E. Electronic Counter. Measures beat frequency output of
ring laser. Also provides reset pulse for gating control

circuits. Input A normally connected to BEAT OUT jack of
Panel F.

I1-5



PERKIN-ELMER Report No. 8641

/

 Connector "'B"

Photo 1. Optical Unit



Report No. 8641

PERKIN-ELLMER

1
g
8

pd

At

5 4

Photo 2. Optical Unit

I-7



PERKIN-ELLMER Report No. 8641

e

S

Photo 3. Optical Unit, Adjustment Point

I-8



PERKIN-ELLMER Report No. 8641

Photo 4 . Electronic Console

-9



Servo Control Chassis. Contains circuits and controls
for operating tuning servo, and output driver for in-

tensity servo. Controls and connections are as follows:

Beat Preamplifier Section

PHOTOCELL BIAS. Controls bias on amplifier for
beat photocell. Monitored at BIAS jack.

AMPL. MON. jack allows output of amplifier to be
displayed on oscilloscope.

BEAT IN (W) connected to output of beat photocell in
laser housing (W).

BEAT OUT connected after squaring amplifier, operates
counter (E).

Servo Preamplifier Section

PHOTOCELL BIAS. Controls bias on amplifier for tuning
control photocell, monitored at BIAS jack.

AMPL. MON. jack allows output of amplifier to be
displayed on oscilloscope.

SERVO IN (Z) connected to output of control photo-
multiplier in laser housing (Z).

SWITCH MON. allows monitoring output of servo switch.

Servo Switch Section

POS. ADJ. sets positive level of ramp voltage which
tunes. pusher.

NEG. ADJ. sets negative level of ramp voltage which
tunes pusher. '

SWEEP GAIN. adjusts magnitude of ramp voltage which
tunes pusher. )

EXT. TRIGGER:SINGLE PULSE switch. In EXT. TRIGGER
connects servo to counter reset pulse for automatic
cycling. In SINGLE PULSE position connects servo to
push button for manual switching of servo position.

1-10



EXT. TRIGGER jack. Allows trigger to be extracted
to synchronize oscilloscope.

Single pulse push button. Switches logic to opposite
state.

Pusher Drive Section

EXTERNAL-MANUAL-SERVO selector switch - selects
input to pusher drive amplifier.

EXT position: pusher drive amplifier receives input
from SWEEP IN jack: 120v p-p sawtooth required for

full drive of amplifier.

BIAS--adjusts operating point of pusher amplifier
GAIN--adjusts amplitude of pusher amplifier output

MANUAL position: pusher drive amplifier receives in-
put from adjustment knob labeled POSITION, 1located

directly above switch.

SERVO position: pusher drive amplifier receives input
from intensity photocell and amplifiers.

IN MON jack. Connected to input of pusher driver
amplifier.

PUSHER jack. Connects output to pusher (v).

The red tip jack above PUSHER jack is also connected
to the output.

The black tip jack labeled COMMON is the common power.
supply return for the servo circuits.

Sweep Width Section

Contains the adjustments for the driver stage of the
laser intensity control servo. '

STORE RATE control. Controls the amount of difference
voltage applied to the intensity control servo.

I-11



BIAS. Controls the operating point of the loss control
amplifier.

MON. A jack. Connects to + input of difference amplifier.
MON. B jack. Connects to - input of difference amplifier.

1LOSS CONTROL jack. Connects output of amplifier to loss
control (X). The red tip jack directly above also connects

to the amplifier output.

Counter Analog - Intensity Servo - Oven amplifier panel

Analog Section

Connected behind the panel to the fregquency counter.

The 10¥ switch selects any 3 adjacent decades of the
counter display and provides an analog voltage at the
ANALOG OUTPUT jack proportional to the displayed number.
The voltage is inverted, in that a full scale voltage
of 10v is produced for zero displayed count, decreasing
to zero as the count increases to 999.

Intensity Servo Section

The zero center microammeter reads the output of the
intensity servo differential amplifier for all posi-
tions of the selector switch directly below it.

ADJ A position and knob sets positive input bias level
of amplifier.

ADJ B position and knob sets negatiVe input bias level
of amplifier.

RUN position connects both inputs for servo operation.

GAIN control adjusts gain of differential amplifier.
Position 1 is off.

RESET push button discharges condensers in feedback
circuit, to facilitate setup.

Oven Amplifier Section

MANUAL-SERVO switch, in MANUAL position connects oven
heater driver input to a fixed, manually adjustable
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voltage, adjusted with TEMPERATURE ADJUST potentiometer
at left of switch. In SERVO position input is the error
signal from the thermistor bridge located in the laser
housing.

INPUT MONITOR connects to the input line to the amplifier.
OUTPUT MONITOR connects to the output line from the
amplifier.

COMMON jack is the common power supply line for the
circuits. ‘ :

Driver power supply - supplies positive 500v to pusher
driver and loss control driver. Normal setting 500v.

Oven heater driver - supplies output current to housing
heater resistors. The meter reads the resistor current
in amperes. Normal reading - about 2 amp, depending on
ambient. ON-OFF switch turns off only the driver circuits.

Plasma current control and start circuit.

START ONLY section is required when starting the plasma
tube discharges. It applies a high voltage pulse to
each anode to break down the plasma. The plasma cathode
voltage must be applied to maintain the discharge (Power
Supply L). .

START LEVEL adjustment - adjusts the magnitude of the
starting pulse. Normal setting 70.

Push button - applies pulse to anodes.

ON-OFF switch, pilot light, and fuse at left of panel
refer only to START controls.

JACK: TP A,B monitors input to A-B current control.
JACK: MOD IN A, B allows connecting a signal input to
current control of A,B
JACK: AMP IN A, B not functional
JACK: ANODE A connects to Anode A in laser housing
JACK: ANODE B connects to Anode B in laser housing
METER: A+B Reads total current through sections A and
B of one plasma tube
POTENTIOMETER: A+B - adjusts sum of currents of A and B
sections
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POTENTIOMETER: A-B - balances currents in sections A
and B.

METER: ANODE BAL - reads difference in currents between
A and B or C and D, depending on
position of switch located directly
below. 1In START position of switch
the meter is disconnected and the
START circuitry is enabled.

METER: C+B =~ reads total current through sections C and

" D of one plasma tube.

POTENTIOMETER: C+D - adjusts sum of currents of C and D
sections. '

POTENTIOMETER: C-D - balances currents in sections C and D.

JACK: TP C,D - monitors input to C~D current control.

JACK: MOD IN C, D - allows connecting a signal input to
current control of C-D.

JACK: AMP IN C-D - not functional.

JACK: ANODE C - connects to anode C in laser housing.

JACK: ANODE D - connects to anode D in laser housing.

K. Transmission Element Current Control Section

Supplies regulated current to the non-reciprocal transmission
element in the laser.

SWITCH OFF-VOLTS-AMPS: normally set to AMPS, the panel
meter then reads coil current. Normal reading about .2 amp.

MODE SWITCH ~ normally set to SUPPLY.

VOLTS-GAIN switch-functions as a current adjustment.
Coarse and fine adjustments are available,.

Front panel input and output terminals are not used.

Meter and Bias Section

PUSHER CONTROL SERVO section.  The meter reads output voltage
of the pusher driver amplifier. BIAS VOLTAGE potentiometer
adjusts voltage on pusher element return lead. Range is zero
to 400 volts. This voltage is added to the voltage indicated
on the meter above the knob.

LOSS CONTROL SERVO section. The meter reads output voltage of
the loss control driver amplifier.

BIAS VOLTAGE potentiometer adjusts voltage on loss control element
return lead. Range is zero to 400 volts. This voltage is added to
the voltage indicated on the meter directly above the knob, up to

a total of 700v. At that voltage, a zener regulator limits the
total value to prevent damage to the element.
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L. Plasma Voltage Source, supplies a négative voltage to the
cathodes of the plasma tubes.

M. Plasma Tube Filament Current supply provides current for the
hot cathodes of the plasma tubes. An isolation transformer
and standoff insulators are provided inside the housing to
allow operation of the entire supply at elevated potential.

N. ©Non-reciprocal Bias Element Current Supply. Supplies
current to the Faraday bias cell. Normal setting: about

.7 amp for 40 Kc bias.

O. Bias Polarity Reversing Switch, reverses polarity of current
to non-reciprocal bias element.

RING LASER SENSOR - START-UP PROCEDURE

Assume all individual unit power switches are OFF.

1. Connect anode cables A, B, C, D to the respective labeled
jacks on laser housing, and on panel J.

2. Connect Input and Output coaxial cables W, X, Y, and Z to
the respective labeled jacks on laser housing and on panel

F.

3. Connect BEAT OUT jack, panel F to input A of CMC counter,
panel E.

4. Connect AMPL MON jack of Servo Preamplifier section panel
F to vertical input of oscilloscope; sensitivity lv/cm.

5. Connect sawtooth output of scope to SWEEP IN jack of Pusher
Drive section of panel F.

6. Connect PUSHER output pin jack to horizontal input of scope
(range 0 to 500v).

7. Connect power cables A and B to respective labeled jacks on
laser housing.

8. Plug in main power cord to a source of 115v-60 cps AC.

9. Turn on Power supplies C, D and set to 1l5v.
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10.

11.

12.

13.

14.

15.

16.

17.

Turn on power supply M and set voltage control for current
of 2.8 amp. This occurs at a voltage of 5.6v. Set current
limit (right hand knob) to be slightly above 2.8 amp.

Turn on power supply L. High voltage switch must be in
STANDBY position. This unit is energized from unit M and
will not operate when M is off. Set voltage to 1100v,
Polarity Switch to negative. When STANDBY light comes on,
turn switch to Hv-ON.

On panel J set BAL A-B and BAL C-D to mid-range. Set ADJ
A+B and ADJ C+D knobs to mid-range. Set switch S3 to START.
Set START LEVEL potentiometer to 70. Turn on switch and
press START button momentarily. Meters A+B and C+D should
now read total currents of about 6mA. Check balance of
sections by turning selector switch to A-B. Adjust center
meter to zero by rotating A-~B control. Repeat for C-D. Set
A+B and C+D to 5 mA. If currents cannot be balanced it
indicates one section of the tube did not fire. To restart,
turn off High Voltage momentarily, and repeat above steps,
increasing START LEVEL potentiometer setting if necessary.

Turn on photomultiplier supplies A, B, and set to 1500v.
Turn on power supply H and set to 500v.

Turn on Oven Heater Driver I. Set switch on Oven Amplifier
control panel G to MANUAL and adjust meter on panel I to

2 amp using TEMPERATURE ADJ on panel G. '

Turn on Transmission Element Current Control (panel K).

Set METER switch to AMPS.

MODE switch to SUPPLY.

VOLTS~GAIN knobs to give about .2 amps current.

Turn on power supply (panel N) and set to .7 amps.

ADJUSTMENT OF TUNING CONTROL SERVO

Operation of the tuning control servo requires that the laser be
running in a single mode at an intensity low enough to be out or
nearly out near the ends of the Doppler-broadened gain curve.
Sufficient warm-up time should be allowed so that this condition
can be maintained during adjustment of the servo.
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The intensity servo should be turned off during adjustment of the
tuning servo. Set GAIN switch on panel G to position 1.

1.

Connect oscilloscope sawtooth output to SWEEP IN jack on panel
F.

Set selector switch on panel F, Pusher Drive Section to EXT
position.

Set oscilloscope sweep rate to 20 millisec per cm (5 cps).

Connect oscilloscope vertical input to AMPL MON jack, Servo
Pre-Amplifier section of panel F. Vertical sens lv/cm.

Set Photo cell Bias Servo Pre-amplifier section to give a
voltage of 2v at BIAS jack.

Set Photo cell BIAS in BEAT PREAMPLIFIER section to give a
voltage of 2v at BIAS jack.

Set Loss Control BIAS (Sweep Width Section of panel F) to give
250v out of Loss Control Driver. This voltage may be read on
the meter at the right side of panel K.

Increase BIAS VOLTAGE knob setting on loss control (panel K,
right hand knob) until the laser is going out between orders,
as indicated by the oscilloscope pattern, sketched below:

e
%"%axwx%‘-‘“ 7

- e
RO—
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10.

11.

12.

13.

14.

15.

le6.

17.

18.

19.

Set Counter (panel E) DISPLAY to oo (fully CW). Connect BEAT
OUT jack to Input jack A on counter.

Set Counter Time Base to give .1 sec gate.

Set Counter A attenuator to X1 position.

Set Counter function switch to FREQ A.

Turn PUSHER DRIVE selector switch (panel F) to SERVO position.

Set GAIN control for SERVO side of selector switch to about
70% of fully CW position.

Place a grounding cap on IN MON jack just below switch, and
adjust BIAS potentiometer on panel F to give 250v at output
of Pusher driver. This voltage may be read on the center
meter on panel K. Remove grounding cap after making adjust-
ment.

Set selector switch in SERVO SWITCH section of panel F to
EXT TRIGGER position.

Press RESET button on counter, to initiate servo timing
circuits.

Connect horizontal input of oscilloscope to pusher output tip
jack (panel F).

Adjust POS ADJ and NEG ADJ (SERVO SWITCH section of panel F)
to give minimum over-and undershoot on oscilloscope pattern.

Adjust width of scan pattern by adjusting Loss Control Servo
BIAS VOLTAGE (right hand knob on panel K) to give a scan
width of about 1/4 of an order. Reset POS ADJ and NEG ADJ
if necessary to correct overshoot.

The positions on the Doppler curve between which the servo tunes
may now be adjusted by changing the servo Pre-Amplifier PHOTO CELL
BIAS setting. Increasing the photocell bias tunes to a pair of
positions at a higher intensity level; decreasing bias tunes to
positions nearer zero intensity.
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The tuning positions relative to the Doppler curve may also be
changed by changing the laser intensity, either with the Loss
Control BIAS VOLTAGE control, or by changing plasma currents
(ADJ A+B or ADJ C+D on panel J).

ADJUSTMENT OF INTENSITY (LOSS) CONTROL SERVO

Adjustment of this servo will be facilitated if counter is set
for 0.1 second gate.

Set GAIN control (in center of panel G) to positi on 2.

Set ADJ A - RUN - ADJ B selector switch to position ADJ A.
Set knob A so that the meter remains at zero. Recovery from
large unbalances may be speeded up by pushing RESET button
on panel G.

Set selector switch to position ADJ B.

Set knob B so that meter remains at zero. Use RESET button
if necessary.

Set selector switch to RUN and increase GAIN switch setting.
Maximum setting is about 8 for 0.1 second counter gate time,

5 for 1 second gate time.

Make final adjustment of scan width by adjusting knob B with
switch in RUN position, to bring meter to zero reading.

ADJUSTMENT OF TEMPERATURE CONTROL SERVO
Set Oven Amplifier selector switch to MANUAL position (panel G).

Set TEMPERATURE ADJUST knob to give a reading of 2 amperes
on Oven Heater Driver meter. (Panel TI).

Allow several hours for oven to reach a steady state condition.

Connect a DC voltmeter 0-10v range between Tip Jack INPUT
MONITOR and COMMON on Oven Amplifier chassis.

Remove cover from laser housing (NOTE: Unplug heater cable
to cover before lifting cover more than a few inches).

Quickly, before inside temperature changes, adjust resistor
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RX on Temperature Control Preamplifier to bring voltmeter
reading to zero. The Preamplifier card is attached to the
center of the "X" brace of the laser invar frame. The loca-
tion of resistor R, is indicated on photograph 4. A short
screwdriver having a 1/16" wide blade is required for the
adjustment.

7. Replace cover, replugging cover heater cable at the same
time.

8. Turn Oven Amplifier selector switch to SERVO.

Heater current should stabilize near the initial value of 2 amperes.
If not, it is necessary to repeat the above steps.
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BY __ THEALL _ DATE_ 7/6/66 _ SUBJECT __Ring Laser Anode SHEET No. OF _5
CHKD.BY DATE Circuit JOB NO. 26514
XC-594-0040
CAT #
PART # TYPE MFR. OR VALUE TOL. RATING
MIL #
Al Amplifier Philbrick PP55AU
Diff. Solid
State
A2 Amplifier Philbrick PP55AU
Diff. Solid
State
Ql Transistor, Motorola 2N3227
Silicon,
NPN
Q2 Transistor, Motorola 2N3743
Silicon,
PNP
Q3 Transistor, Motorola 2N3743
Silicon,
PNP
Q4 Transistor, Motorola 2N3227
Silicon
NPN
Q5 Transistor, Motorola 2N3743
Silicon,
PNP
- Q6 Transistor, Motorola 2N3743
Silicon,
PNP
Dl Diode, GE 1N914.
Silicon
D2 Diode, GE 1N914
Silicon
D3 Diode, GE 1N914
Silicon
D4 Diode, GE 1N914
Silicon
D5 Diode, Motorola 1N3014A 180v +10%
Silicon,
Zener
D6 Diode, Motorola 1N3015A 200V +10%
Silicon,
Zener
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BY THEALL _ DATE _ 7,6 /66 SUBJECT Ring Laser Anode SHEET NO. 2 OF 5
CHKD. BY DATE Circuit JOB NO. 26514
- XC-594-0040
CAT
PART /f TYPE MFR. OR VALUE TOL. RATING
MIL 7/
D7 Diode, Motorola IN3015A 200V +10%
Silicon,
Zener
D8 Diode, RCA CR212 12KV
H.V. Stack
D9 Diode, RCA CR212 12KV
H.V. Stack
D10 Diode, GE 1IN914
Silicon
D11 Diode, GE 1N914
Silicon
D12 Diode, RCA CR212 12KV
H.V. Stack
D13 Diode, RCA CR212 12KV
H.V. Stack
D14 Diode, RCA CR212 12KV
H.V. Stack
D15 Diode, RCA CR212 12KV
H.V. Stack
R1 Potentiometer General GR974R 100K0O +5% 12w
Radio
R2 Potentiometer Allen- CMUL1021 1K 2W
Bradley
R3 Potentiometer General GRI974R 100K0 5% 12w
"~ Radio ,
R4 Potentiometer Allen- CMU1021 1KO 2W
Bradley
R5 Resistor, Allen- RC20GF 5.1KQ 5% 1/2W
Comp. Bradley
R6 Resistor, Allen- RC20GF 1.5KQ +5% 1/2wW
Comp. Bradley
R7 Resistor, Allen- RC20GF 75K0 5% 1/2W
Comp. Bradley
R8 Resistor, Allen- RC20GF 75K0 +5% 1/2w
Comp. Bradley
RO Resistor, Allen- RC20GF 110 *+5% 1/2W
Comp. Bradley
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BY THEALL DATE 7/6/66 SUBJECT Ring Laser Anode SHEET NO. _3 OF 5
CHKD.BY DATE Circuit JOB NO.
XC-594-0040
CAT #
PART # TYPE MFR. OR VALUE TOL. RATING
MIL #
R10 Resistor, Allen- RC20GF 5.1KQ 5% 1/2 W
Comp. Bradley
R11 Resistor, Allen- RC20GF 75K0) *5% 1/2 W
Comp. Bradley
R12 Resistor, Allen- RC20GF 75KQ +5% 1/2 W
Comp. Bradley
R13 Resistor, Allen- RC20GF 1.5K0 +5% 1/2 W
Comp. Bradley
R14 Resistor, Allen- RC20GF 110 5% 1/2 W
Comp. Bradley
R15 Resistor, Allen- RC20GF 100KQ +5% 1/2 W
Comp. Bradley
R16 Resistor, IRC MECT2 40200 1% 1/2 W
Metallic RN70C
Film
R17 Resistor, IRC MECT2 1000 1% 1/2 W
Metallic RN70C
Film ,
R18 Resistor, IRC MEGCT?2 1000 1% 1/2 W
Metallic RN70C
Film
R19 Resistor, IRC MECT2 40200 1% 1/2 w
Metallic RN70C
Film
R20 Resistor, Ohmite #1850 50K 20 W
Wire Wound
R21 Resistor, IRC MECT2 40200 1% 1/2 w
Metallic RN70C
Film .
R22 Resistor, IRC MECT2 1000 1% 1/2 W
Metallic RN70C
Film
R23 Resistor, IRC MECT2 1000 1% 1/2 W
Metallic RN70C
Film
R24 Resistor, IRC MECT2 40200 1% 1/2 W
Metallic RN70C
Film
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BY THEALL DATE _7/6/66 SUBJECT Ring Laser Anode SHEET NO. _4 OF 35

CHKD. BY DATE Circuit JOB NO. 26514
XC-594-0040
CAT }
PART / TYPE MFR. OR VALUE TOL.  RATING
MIL
R25 Resistor, Ohmite #1850 50KQ 20 W
Wire=Wound
R26 Resistor, Allen- RC20GF 100KQ 5% 1/2 w
Comp. Bradley
R27 Resistor, Allen- RC42GF 220K0 5% 2 W
Comp. Bradley
R28 Resistor, Allen- RC42GF 220KQ 5% 2 W
Comp. Bradley
R29 Resistor, Allen- RC20GF 15K0 5% 1/2 W
Comp. Bradley
R30 Resistor, Allen- RC20GF 15K0 5% 1/2 W
Comp. Bradley
Cl Capacitor, Sprague CS13BE- 10MFD 10% 20V
Electrolytic 106K
c2 Capacitor, Sprague CS13BE- 10MFD 10% 20v
Electrolytic 106K
C3 Not Assigned
C4 Capacitor, Sprague 2TM-S15 0.015 *+10% 200V
Mylar MFD
G5 Capacitor, Sprague CS13BE- 10MFD 10% 20v
Electrolytic 106K
C6 Capacitor, Sprague CS13BE- 10MFD 10% 20V
Electrolytic 106K
c7 Not Assigned
C8 Capacitor, Sprague 2TMS~15 0.015 +10% 200V
Mylar MFD
M1 Meter Simpson 1212¢ 0-15MA
M2 Meter Simpson 1212¢C 25-0-25 pa
M3 Meter Simpson 1212¢ 0-15MA
J1 Coaxial Jack UG931/U 5KV
J2 Coaxial Jack UG931/U 5KV
J3 Coaxial Jack UG290A/U 50CV

I-78



BY THEALL DATE 7/6/66 SUBJECT Ring Laser Anode SHEET NO. 5 OF _5

CHKD.BY DATE Circuit JOB NO. 26514
XCf594-0040
CAT #
PART # TYPE MFR. OR _VALUE TOL. RATING
MIL #
Jb Coaxial Jack UG290A/U 500V
JI5 Coaxial Jack UG290A/U 500V
J6 Coaxial Jack UG931/U 5 KV
J7 Coaxial Jack UG931/U 5 KV
J8 Coaxial Jack UG290A/U 500V
T1 Variable Superior 10B
Trans. Electric Powerstat
T2 Trans. Acme CC185
Electric
51 Switch,
Toggle
SPST
S2 Switch, Grayhill 4001
Pushbutton
SPST
s3 Switch, Centralab Jv9035 3000VEMS
Rotary
4 Pole-
8 Pos.
Fl Fuse
Fuse-Holder Buss HIM 3A
L1 Pilot Lamp Drake 5200-243
Neon 100K 623
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BY ET DATE_6/24/66 SUBJECT _ Beat Preamplifier SHEET NO._ 1 OF_]
CHKD. BRY DATE Board 1 XB-594-0046 JOB NO._26514
Rotation Sensor - Servo e
PART # TYPE MFR. CAEH‘{ ! VALUE TOL. RATING
MIL #
Al Amplifier Philbrick P25AH
R1 Resistor, Allen- RC20GF 1K () 5% 1/2w
Fixed, Bradley
Comp.
R2 Resistor, Allen- RC20GF 1K +5% 1/2W
Fixed, Bradley
Comp.
R3 Resistor, Allen~- RC20GF 1K O 5% 1/2w
Fixed, Bradley
Comp.
R4 Resistor, Allen- RC20GF 100K ¢ 5% 1/2w
Fixed, Bradley
Comp.
R5 Resistor, Allen- RC20GF 100K 0 5% 1/2w
Fixed, Bradley
Comp .
R6 Resistor, Allen- RC20GF 2.4K () 5% 1/2w
Fixed, Bradley
Comp.
R7 Resistor, Allen- RC20GF 10K O +5% 1/2w
Fixed, Bradley
Comp.
R8 Resistor, Allen~ RC20GF 1K ( 5% 1/2W
Fixed, Bradley
Comp. '
Cl Capacitor Arco- CM-20-E- 1000 PFD 5% 500WVDC
Elmenco 102-J
Mica |
c2 Capacitor Sprague CS13BELO6K  10MFD +10% 20WVDC
Tantalex
C3 Capacitor Sprague CS13BELO6K 10MFD *10% 20WvDC
Tantalex
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BY__ET DATE_6/24/66  SUBJECT _Squaring Amplifier SHEET NO._1 OF_3
CHKD. BY DATE Board 2 XB-594-0047 JOB NO.___26514
Rotation Sensor - Servo
PART # TYPE MFR. Cg;’ # VALUE TOL. RATING
MIL #

Q1 Transistor, Motorola 2N3227
Silicon

Q2 Transistor, Motorola 2N3227
Silicon

Q3 Transistor, Motorola 2N3227
Silicon

D1 Diode, Sylvania 1IN270
Germanium

D2 Diode, Sylvania 1N270
Germanium

D3 Diode, Sylvania 1N270
Germanium

D4 Diode, Sylvania 1IN270
Germanium

D5 Diode, Hughes 1IN914
Silicon

D6 Diode, Hughes 1N914
Silicon

R1 Resistor, Allen~- RC20GF 20K 0O +10% 1/2W
Fixed, Bradley
Comp.

R2 Resistor, Allen- RC20GF 3.9K 0 +10% 1/2w
Fixed, Bradley
Comp.

R3 Resistor, Allen- RC20GF 7.5K O +5% 1/2w
Fixed, Bradley
Comp .,

R4 ‘Resistor, Allen- RC20GF 1K O +10% 1/2W
Fixed, Bradley
Comp .
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BY ET DATE_6/24/66 SUBJECT Squaring Amplifier SHEET NO. 2 OF 3
CHKD. BY DATE Board 2 XB-594-0047 JOB NO. 26514
Rotation Sensor -~ Servo
PART # TYPE MFR. ng' # VALUE TOL. RATING
MIL #
R5 Resistor, Allen- RC20GF 10K :; +10% 1/2w
) Fixed, Bradley
Comp.
R6 Resistor, Allen- RC20GF 1.3K 0 5% 1/2w
Fixed, Bradley
Comp.
R7 Resistor, Allen- RC20GF 100 +5% 1/2w
Fixed, Bradley
Comp .
R8 Resistor, Allen- RC20GF 1.5K 0 +5% 1/2w
Fixed, Bradley
Comp.
R9 Resistor, Allen- RC20GF 10K (; +10% 1/2w
Fixed Bradley
Comp.
R10 Resistor Allen- RC20GF 1.3K O 5% 1/2w
Fixed, Bradley
Comp.
R11 Resistor, Allen~ RC20GF 100 +5% 1/2w
Fixed Bradley
Comp.
R12 Resistor, Allen- RC20GF 1.5K O 59, 1/2W
Fixed Bradley
Comp.
Ccl Capacitor Arco CM-15-E-271J  270pf *5% 500WVDC
Elmenco
Mica
Cc2 Capacitor Sprague Series 2.2 MFD  +20% 25WVDC
Monolythic (23 5C 15)
Non-Pol.
C3 Capacitor Sprague CS13BE-225K 2.2 MFD  x10% 20WVDC
Tantalex
C4 Capacitor Sprague CS13BE~106K 10 MFD +10% 20WVDC
Tantalex
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BY ET DATE _6/24/66  SUBJECT _Squa¥ing Amplifier SHEET No. 3 OF_3
CHKD. BY DATE Board 2 XB-594-0047 JOB NO. 26514
Rotation Sensoxr - Servo
PART # TYPE MFR. cg. # VALUE TOL. RATING
MIL #
c5 Capacitor Sprague CS13BE106K 10 MFD +10% 20WVDC
Tantalex
Ccé Capacitor Sprague CS13BE225K
Tantalex
c7 Capacitor Sprague CS13BE106K
Tantalex
C8 Capacitor Sprague CS13BE106K
Tantalex
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BY ET DATE _6/24/66 SUBJECT Sexrvo Amplifier SHEET No. 1 OF 1
CHKD. BY DATE Board 7  XB-594-0048 JOB NO. 26514
Rotation Sensor - Servo
PART # TYPE MFR. cgg. # VALUE TOL. RATING
MIL #

Al Amplifier Philbrick PP25AU

Rl Resistor, Allen= RC20GF 1K £5% 1/2w
Fixed Bradley
Comp.

R2 Resistor, Allen- RC20GF 100K O +10% 1/2wW
Fixed Bradley
Comp .

R3 Resistor, Allen~ RC20GF 51K +5% 1/2W
Fixed Bradley
Comp.

R4 Resistor, Allen- RC20GF 100K O 5% 1/2wW
Fixed Bradley
Comp .

R5 Resistor, Allen- RC20GF 2.4K O +5% 1/2w
Fixed Bradley
Comp.

R6 Resistor, Allen~ RC20GF 2.4K Q +5% 1/2w
Fixed Bradley
Comp.

Cl Capacitor, Sprague CS13BE106K 10MF 10% 20WVDC
Tantalex '

c2 Capacitor, Sprague CS13BEL106K 1LOMF 10% 20WVDC
Tantalex

C3 Capacitor, Arco- CM15C120 12pf 5% 500WVDC
Mica Elmenco
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BY __ ET DATE 6/24/66 SUBJECT__ Logic One-Shots SHEET NO, 1 _OF 3
CHKD. BY DATE Board 8 XB-594-0049 JOB NO. _ 26514
Rotation.. Sensor - Sexvo
PART # TYPE MFR. cgz. # VALUE TOL. RATING
MIL #
Q1 Transistor, Fairchild 2N3638
Silicon
Q2 Transistor, Fairchild 2N3638
Silicon
Q3 Transistor, Fairchild 2N3638
Silicon
Q4 Transistor, Fairchild 2N3638
Silicon
Q5 Transistor, Fairchild 2N3638
Silicon
Q6 Transistor, Fairchild 2N3638
Silicon
D1 Diode, Hughes 1IN914
Silicon
D2 Diode, Hughes 1N914
Silicon
D3 Diode, Hughes 1IN914
Silicon
D4 Diode, Hughes 1N914
Silicon
D5 Diode, Hughes 1N914
Silicon
D6 Diode, Hughes 1N914
Silicon
R1 Resistor, Allen- RC20GF 10K Q +10% 1/2w
Fixed, Bradley
Comp.
R2 Resistor, Allen- RC20GF 5.1k Q 5% 1/2w
Fixed, Bradley
Comp.
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BY ET DATE _6/24/66 SUBJECT __ Logic One-Shots SHEET NO. _2 OF_3
CHKD. BY DATE _Board 8 XB-594-0049 JOB NO. 26514

Rotation Sensor - Servo

PART # TYPE MFR., Cgi' # VALUE TOL, RATING
MIL #

R3 Resistor, Allen- RC20GF 2K +5% 1/2w
Fixed, Bradley
Comp., .

R4 Resistor, Allen- RC20GF 51K Q) 5% 1/2w
Fixed, Bradley
Comp.

R5 Resistor, Allen- RC20GF 10K O +10% 1/2w
Fixed, Bradley
Comp.

R6 Resistor, Bourns 302528~-1~ 50K Q
Pot., 503

R7 Resistor, Allen- RC20GF 5.1K () 5% 1/2W
Fixed, Bradley
Comp.

R8 Resistor, Allen- RC20GF 4.3K Q 5% 1/2w
Fixed, Bradley
Comp.

R9 Resistor, Allen- RC20GF 4.3K 5% 1/2w
Fixed, Bradley
Comp.,

R10 Resistor, Allen- RC20GF 75K () +5% 1/2w
Fixed, Bradley
Comp.

R11 Resistor, Allen- RC20GF 7.5k 5% 1/2W
Fixed, Bradley :
Comp.

R12 Resistor, Allen- RC20GF 2K | 5% 1/2w
Fixed, Bradley
Comp.

R13 Resistor, Allen- RC20GF 51K O 5% 1/2%W
Fixed, Bradley
Comp.,

Rl4 Resistor, Allen- RC20GF 62K () +5% 1/2W
Fixed, Bradley
Comp .

R15 Resistor, Allen- RC20GF 5.1K 0 5% 1/2w
Fixed, Bradley
Comp.
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BY____ET  DATE _6/24/66 SUBJECT __Logic One-Shots SHEET NO,_3 OF 3
CHKD, BY DATE Board 8 XB-594-0049 JOB NO,___26514
Rotation Sensor = Servo
PART # 'TYPE MFR. Cﬁf{' # VALUE TOL., RATING
MIL #
R16 Resistor, Allen-~ RC20GF 4.3K Q - 5% 1/2w
Fixed, Bradley
Compo
R17 Resistor, Allen~ RC20GF 4.3K +5% 1/2w
Fixed, Bradley
Compo
R18 Resistor, Allen- RC20GF 75K Q +5% 1/2w
Fixed, Bradley
Comp.
R19 Resistor, Allen- RC20GF 7.5K 5% 1/2w
Fixed, Bradley
Compo
R20 Resistor, Allen- RC20GF 2K Q +5% 1/2w
Fixed, Bradley
Comp.
R21 Resistor, Allen- RC20GF 20K Q '+5% 1/2w
Fixed, Bradley
Comp .
R22 Resistor, Allen~- RC20GF 20K Q 5% 1/2wW
Fixed, Bradley
Comp.
Cl Capacitor, Arco- CM~-20-E- 1000 pf 5% 500WVDC
" Silvered Elmenco 1023
Mica
c2 Capacitor, Arco~ CM-20-E- 2000 pf 5% 500WVDC
Silvered Elmenco 2023
Mica
c3 Capacitor Sprague 118P1059 1,0 MFD 200vDpC
Metall, 252
Paper
C4 Capaeiter, Are o= 2000 pf
Silvered Elmeneo
Mica
, . .
C5 Gapacitor, Hopkins- 1K10104 0.1 MFD 1000vVDC
Met&ll. Engr. Co.
Paper
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BY DATE 6/27/66 SUBJECT Ramp Circuit SHEET NO 1 OF 5
CHKD. DATE Board 9 XB-594-0050 JOB NO 26514
Rotation Sensor - Servo
PART TYPE MFR CAT 4 VALUE TOL. RATING
OR
MIL #
Q1 Transistor, T.I. 2N4O4LA
Germanium
Q2 Transistor, T.I. 2N4OLA
Germanium
Q3 Transistor, Fairchild 2N3638
Silicon
Q4 Transistor, Fairchild 2N3642
Silicon
Q5 Transistor, Fairchild 2N3642
Silicon
G6 Transistor, T.I. 2N404A
Germanium
Q7 Transistor, T.1. 2N40LA
Germanium
D1 Diode, Hughes 1INO14
Silicon
D2 Diode, Hughes 1IN914
Silicon
D3 Diode, Hughes 1N914
Silicon
D4 Diode, Hughes IN914
Silicon
D5 Diode, Hughes IN914
Silicon
D6 Diode, Hughes 1IN914
Silicon
R1 Resistor, Allen- RC20GF 16KQ +5% 1/2w
Fixed Bradley
2
Comp.
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BY DATE _6/27/66 _ SUBJECT__Ramp Circuit SHEET NO___ 2 OF 5
CHKD. BY DATE Board 9 XB-594-0050 JOB NO_ 26514
Rotation Sensor - Servo
PART # TYPE MFR. CAT # VALUE TOL. RATING
OR
MIL #
R2 Resistor, Allen- RC20GF 5.1K Q +5% 1/2 w
Fixed, Bradley
Comp .
R3 Resistor, Allen- RC20GF 51K Q +5% 1/2 W
Fixed, Bradley
Comp.
R4 Resistor, Allen- RC20GF 61K 2 +5% 1/2 W
Fixed, Bradley
Comp.
R5 Resistor, Allen- RC20GF 75K Q *5% 1/2 W
Fixed, Bradley
Comp .
R6 Resistor, Allen- RC20GF 7.5K Q +5% 1/2 w
Fixed , Bradley
Comp.
R7 Resistor, Allen- RC20GF 1.3K Q 5% 1/2 W
Fixed, Bradley
Comp.
R8 Resistor, Allen- RC20GF 16K 5% 1/2 W
Fixed, Bradley
Comp.
R9 Resistor, Allen- RC20GF 75K Q +5% 1/2 W
Fixed, Bradley
Comp.
R10 Resistor, Allen- RC20GF 7.5K Q +5% /2w
Fixed , Bradley
Comp.
R11 Resistor Allen- RC20GF 1.3k Q 5% 1/2 W
Fixed , Bradley
Comp.
R12 Resistor, Allen- RC20GF 16K Q +5% 1/2 W
Fixed, Bradley
Comp.
R13 Resistor, Allen- RC20GF 51K Q +5% /2w
Fixed, Bradley .
Comp.
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By ET DATE 6/27/66 suBjecT Ramp Circuit SHEET NO 3 OF 5

CHKD. BY DATE Board 9 XB-595-0050 JOB NO 26514

Rotation Sensor - Servo

PART # TYPE MFR. CAT # VALUE TOL. RATING
OR
MIL 4

R14 Resistor, Allen- RC20GF 16K O 5% 1/2 W
Fixed, Bradley
Comp.

R15 Resistoy Allen- RC20GF 16K Q +5% 1/2 W
Fixed, Bradley
Comp. '

R16 Resistor, Allen- RC20GF 5.1K 5% 1/2 W
Fixed, Bradley
Comp .

R17 Resistor, Allen- RC20GF 20K Q 5% 1/2 w
Fixed, Bradley
Comp .

R18 Resistor, Allen- RC20GF 39K Q +5% /2w
Fixed, Bradley
Comp.

R19 Resistor, Allen- RC20GF 39K Q +5% 1/2 W
Fixed, Bradley
Comp.

R20 Resistor, Allen- RC20GF 20K Q +5% 1/2 W
Fixed, Bradley
Comp.

R21 Resistor, Allen- RC20GF 510 Q 5% 1/2 W
Fixed, Bradley
Comp.

R22 Resistor, Allen- - RC20GF 510 +5% 1/2 W
Fixed, Bradley
Comp.

R23 Resistor, Allen- RC20GF 1K Q £10% 1/2 W
Fixed, Bradley
Comp.

R24 Resistom Allen- RC20GF 10K © £10% 1/2 w
Fixed , Bradley
Comp.
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BY ET DATE 6/27/66  SUBJECT Ramp Circuit SHEET NO 4  OF
Rotatiop Sensor -Serve
PART # TYPE MFR CAT# VALUE TOL. RATING
OR
MIL #

R25 Resistor, Allen- RC20GF 5.1K Q +5% /2w
Fixed, Bradley '
Comp.

R26 Resistor, Allen- RC20GF 51K Q +5% 1/2 W
Fixed , Bradley
Comp .

R27 Resistor, Allen- RC20GF 30K Q +5% 1/2 W
Fixed, Bradley
Comp.

R28 Resistor, Allen- RC20GF 30K Q +5% 1/2 W
Fixed, Bradley
Comp.

R29 Resistor, Allen- RC20GF 5.1K +5% 1/2 W
Fixed, Bradley
Comp.

R30 Resistor, Allen- RC20GF 4.3K Q +5% 1/2 W
Fixed, Bradley
Comp.

R31 Resistor, Allen- RC20GF 4.3K Q +57% 1/2 W
Fixed, Bradley
Comp.

R32 Resistor, Allen- RC20GF 75K D 5% 1/2 W
Fixed, Bradley
Comp . :

R33 Resistor, Allen- RC20GF 7.5K Q +5% 1/2 W
Fixed, Bradley
Comp.

R34 Resistor, Allen- RC20GF 2K Q +5% /2w
Fixed, Bradley
Comp .

R35 Resistor Allen- RC20CGF 110 © +5% 1/2 W
Fixed Bradley
Comp.

R36 Resistor Allen- RC20GF 100 Q +10% /2 W
Fixed Bradley
Comp.
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BY ET DATE 6/27/66SUBJECT Ramp Circuit SHEET 5 OF 5
CHKD. BY DATE Board 9 XB-594-0050 JOB NO 26514
Rotation Sensor - Servo
PART # TYPE # MFR. CAT # VALUE TOL. RATING
OR
MIL #
Cl Capacitor Arco- CM-20-E 2000 pf +5% 500WVDC
Silvered Elmenco 2023
Mica
Cc2 Capacitor Arco- CM-20-E 2000 pf
Silvered Elmenco 2023
Mica
C3 Capacitor Sprague 121P40591- 4.0 MFD 5% 150 WvDC
Metall. R552
Paper
C4 Capacitor, Arco- CM-20-E- 2000 pf +5% 500WVDC
Silvered Elmenco 2023
Mica
C5 Capacitor, Cornell- DPMS 25 MFD +10% 400 WVDC
Dipped Dubilier 4P25
Mylar-
Paper
cé Capacitor, Aerovox PTT~92 10 MFD 50 DCwWV
Electro-
lytic
c7 Capacitor, Aerovox PTT-72 50 MFD 15 DCWV
Electro-
lytic
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BY ET DATE 6/29/66 SUBJECT Servo Switch SHEET NO. 1 OF 3
CHKD. BY DATE Board 10 XB-594-0051 JOB NO 26514
Rotation Sensor - Servo
PART # TYPE MFR CAT # VALUE TOL. RATING
OR
MIL #
Q1, Q2 Dual. Diff. Motorola 2N2480
Transistor
Amplifier,
Silicon
Q3, Q4 Dual Diff, Motorola 2N2480
Transistor
Amplifier,
Silicon
Q5 Transistor, T.T. 2N404A
Germanium
Q6 Transistor, T.I. 2N404A
Germanium
Q7 Transistor, Fairchild 2N3638A
Silicon
Q8 Transistor, Fairchild 2N3638A
Silicon
Q9 Transistor, Fairchild 2N3642
Silicon
Q10 Transistor, Fairchild 2N1711
Silicon
Ql1 Transistor, Fairchild 2N3642
Silicon
D1 Diode, Motorola IN753
Silicon
Zener
D2 Diode, Hughes IN914
Silicon
D3 Diode, Hughes 1IN914
Silicon
D4 Diode, Hughes IN914
Silicon
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BY ET  DATE 6/29/66 SUBJECT Servo Switch SHEET NO 2 oF 3

CHKD. BY DATE Board 10 XB-594-0051 JOB NO__ 26514

Rotation Sensor - Servo

PART # TYPE MFR CAT 4 VALUE TOL. RATING
OR
MIL #
R1 Resistor, Allen- RC20GF 10K Q +10% 1/2 W
Fixed, Bradley
Comp.
R2 Resistor, Allen- RC20GF 1.5K Q +5% 1/2 W
Fixed, Bradley
Comp.
R3 Resistor, Allen- RC20GF 1.5K Q £5% /2 W
Fixed, Bradley
Comp.
R Resistor, Allen- RC20GF 3K Q £5% 1/2 W
Fixed, Bradley
Comp.
R5 Trimpot Bourns 30678-1- 200 Q 1/2 W
201
R6 Trimpot Bourns 30678-1- 2K Q 1/2 W
202
R7 Resistor, Allen- RC20GF 51 Q 5% . 1/2 w
Fixed, Comp. Bradley
R8 Resistor, Allen- RC20GF 62 Q +5% 1/2 W
Fixed, Bradley
Comp.
R9 Resistor, Allen- RC20GF 560 0 +10% 1/2 W
Fixed, Bradley
Comp . .
R10 Resistor, Allen- RC20GF 30K Q +5% 1/2 W
Fixed, Bradley :
Comp.
R11 Resistor, Allen- RC20GF 43K Q +5% /2w
Fixed, Bradley
Comp .
R12 Resistor, Allen- RC20GF 30 0 +5% 1/2 W
Fixed, Bradley
Comp.
R13 Resistor, Allen- RC20GF 1.5K Q +5% 1/2 W
Fixed, Bradley
Comp.



BY_ET DATE _6/29/66  SUBJECT Servo Switch SHEET NO 3 oF___3
CHKD. BY DATE Board 10 XB~594-0051 JOB NO 26514
Rotation Sengor -  Servo
PART # TYPE MFR CAT # VALUE TOL. RATING
OR
MIL #
R14 Resistor, Allen- RC20GF 1.5K Q +5% 1/2 W
Fixed, Bradley
Comp .
R15 Resistor, Allen- RC20GF 3K Q +5% /2w
Fixed, Bradley
Comp.
R16 Resistor, Allen- RC20GF 3K Q +5% /2w
Fixed, Bradley
Comp .
R17 Resistor, Allen- RC20GF 62K Q +5% 1/2 W
Fixed, Bradley
Comp.
R18 Resistor, Allen- RC20GF 7.5K Q +5% /2 W
Fixed, Bradley
Comp.
R19 Resistor, Allen- RC20GF 12K Q £10% 1/2 w
Fixed, Bradley
Comp .
R20 Resistor, Allen- RG20GF 10K Q +10% 1/2 W
Fixed, Bradley
Comp .
Cc1l Capacitor, Arco- CM-20-E 5000 pfd 5% 500 WvDC
Silvered Elmenco 502J
Mica
c2 Capacitor, Sprague CS13BEL106K 10MFD +10% 20 WVDC
Electro-
lytie
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BY

DATE 6/30/66 SUBJECT Storage Ampl.

SHEET NO__ 1 OF 2

CHKD. DATE Board 11 XB-594-0052 JOB NO__ 26514
Rotation Sensor-Servo
PART # TYPE MFR CAT/ VALUE TOL. RATING
OR
MIL#

Al Amplifier Philbrick  PP55AU
Solid-State
Diff.

R1 Resistor, Allen- RC20GF 10K +10% 1/2 W
Fixed, Bradley
Comp .

R2 Trimpot Bourns 30678-1- 5K 0 1/2 W

502

R3 Resistor, Allen- RC20GF 100K Q +5% /2w
Fixed, Bradley
Comp.

R4 Resistor, Allen- RC20GF 1K Q £5% 1/2w
Fixed, Bradley
Comp .

R5 Resistor, Allen- RC20GF 10MEG. +10% 1/2 W
Fixed, Bradley
Comp.

R6 Resistor, Allen RC20GF 1K Q +10% 1/2 W
Fixed, Bradley
Comp.

R7 Resistor, Allen- RC20GF 39K Q *5% 1/2 W
Fixed, Bradley
Comp.

R8 Resistor, Allen- RC20GF 12K Q +5% 1/2 W
Fixed, Bradley
Comp .

Cc1 Capacitor, Sprague 121P50591 5.0 Mfd. 150 VDC
Metall. -R552
Paper

C2 Capacitor Sprague 121P50591 5.0 Mifd. 150 VDC
Metall. -R552
Paper
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BY ET DATE _6/30/66 SUBJECT Storage Ampl. SHEET NO 2 OF 2

CHKD.BY DATE Board 11 XB-594-0052 JOB NO__ 26514

Rotation Sensor-Servo

PART # TYPE MFR CAT # VALUE TOL. RATING
- OR
MIL #
c3 Capacitor Arco- CM-20-E 1000 PFD +5% 500 WVDC

Elmenco 102J

c4 Capacitor, Sprague CS13BE- 10 MFD 10% 20 WVDC
Electro- 106K
1lytic

C5 Capacitor, Sprague CS13BE- 10 MFD 10% 20 WVDC
Electro- 106K
lytic
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BY Theall DATE 6/30/66 SUBJECT Pusher Driver SHEET NO 1 OF
CHKD. BY DATE Board 12 XB-594-0053 JOB NO__ 26514
Rotation Sensor - Servo
PART # TYPE MFR CAT # VALUE TOL. RATING
OR
MIL #
Q1 Transistor, Fairchild  2N3638
Silicon
G2 Transistor, Industro TRS 6015
Silicon
Q3 Transistor, Industro TRS 6015
Silicon
D1 Diode, Sylvania IN270
Germanium
D2 Diode, Sylvania 1IN270
Germanium
R1 Resistor, Allen- RC20GF 2.7k Q +5% 1/2 W
Fixed, Bradley
Comp.
R2 Resistor, Allen- RC20GF 2.7k Q +5% 1/2 W
Fixed, Bradley
Comp.
R3 Resistor, Allen- RC20GF 2.4K Q +57% 1/2 W
Fixed, Bradley
Comp.
R4 Resistor, Allen- RC20GF 1K +107% 1/2 W
Fixed, Bradley
Comp.
R5 Resistor, Allen- RC20GF 1K *10% 1/2 W
Fixed, Bradley
Comp.
R6 Resistor, Allen- RC20GF 1K +10% 1/2 W
Fixed, Bradley
Comp.
R7 Resistor Allen- RC20GF 510 Q 5% /2w
Fixed Bradley
Comp.
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I-99

BY Theall DATE 6/30/66 SUBJECT Pusher Driver SHEET NO 2 OF
CHKD. BY DATE Board 12 XB-594-0053 JOB NO 26514
Rotation Sensor =Servo
PART # TYPE MFR. CAT # VALUE TOL. RATING
OR
MIL #
R8 Resistor, Allen- RC20GF 130K Q +5% 1/2 W
Fixed, Bradley
Comp.
R9 Resistor, Allen- RC20GF 130K Q +5% 1/2 w
Fixed, Bradley
Comp.
R10 Resistor, Ohmite #1850 50K Q 20 W
Wire Brown
Wound Devil
R11 Resistor, Allen- RC42GF 510 ) *5% 2
Comp. Bradley
R12 Resistor, Allen- RC32GF 820 Q +10% W
Comp. Bradley
c1l Capacitor, Aerovox PIT 86 100 MFD 25 WVDC
Electro-
lytic
Cc2 Capacitor, Sprague CS13BE- 10 MFD 10% 20 WvDC
. Electro- 106K
lytic
C3 AS C1
C4 Capacitor, Arco- CM-15-E 62PFD £5% 500 WVDC
Mica Elmenco 620J
C5 Capacitor, Sprague 155p 0.01 MFD 600 WVDC
Metall. ;
Paper
F1l Fuse Little Series 1/16A 250 WV
8AG Fuse 36100
F2 Fuse Little Series 1/16A 250 WV
8AG Fuse 36100
Fuse Little 387001
Holder Fuse
Heat Wakefield NC403K 2°C/W
Dissipator



BY  THEALL DATE 6/30/66  SUBJECT __ Analog Storage SHEET NO. _1 OF _2
CHKD. BY DATE Board 14 JOB NO. 26514
XB-594-0054
CAT.§
PART // TYPE MFR. OR VALUE TOL. RATING
MIL
Al Amplifier, Philbrick PP25AU
Diff. Solid
State
Q1 Transistor, Texas 2N1808
Germanium Instrument
Q2 Transistor, Texas 2N1808
Germanium Instrument
Q3 Transistor, Fairchild 2N3642
Silicon
Q4 Transistor, Fairchild 2N1711
Silicon
Q5 Transistor, Fairchild 2N1711
Silicon
D1 Diode, Hughes 1N914
Silicon
R1 Resistor, Allen- RC20GF 5.1K0 +5% 1/2 W
Comp. Bradley
R2 Resistor, Allen- RC20GF 33K0 +10% 1/2 W
Comp. Bradley
R3 Resistor, Allen- RC20GF 12K0 +10% 1/2 W
Comp. Bradley
R4 Resistor, Allen- RC20GF 15KQ +10% 1/2 W
Comp. Bradley
RS Resistor, Allen- RC20GF 100K *10% 1/2 W
Comp. Bradley
R6 Resistor, Allen- RC20GF 100KQ +10% 1/2 W
Comp. Bradley
R7 Resistor, Allen- RC20GF 12KQ + 5% 1/2 W
Comp. Bradley
R8 Resistor, Allen- RC20GF 39KQ + 5% 1/2 W
‘ Comp. Bradley
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BY THEALL DATE _7/1/66 JUBJECT _ Analog Storage SHEET NO. 2 OF 2
CHKD. BY DATE Board 14 XB-594-0054 JOB NO. 26514
Rotation Sensor - Servo
PART #. TYPE MFR. C‘SE‘ * VALUE TOL. RATING
MIL #
Cc1 Capacitor, Sprague 96P1059182 1.0 MFD 10% 100VDC
Metalized
Paper
c2 Capacitor, Sprague CS13BE106K 10 MFD 10% 20WVDC
Electrolytic
C3 Capacitor, Sprague CS13BE106K 10 MFD 10% 20WVDC
Electrolytic
Ch Capacitor, Sprague CS13BE1O6K 10 MFD 10% 20WVDC
Electrolytic
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BY THEALL DATE 7/1/646 SUBJECT Differential Ampl. SHEET NO. 1 OF 3

CHKD.BY _~~ DATE & PZT Driver - Board 16 JOB NO. 26514
XB-594-0055 Rotation Sensor - Servo
CAT //
PART TYPE MFR. OR VALUE TOL. RATING
MIL #
Al Amplifier, Philbrick PP55AU
Diff.

Solid-State

Ql Transistor, Fairchild 2N3638
Silicon

Q2 Transistor, Industro  TRS6015
Silicon

Q3 Transistor Industro TRS6015
Silicon

D1 Diode, Sylvania  IN270
Germanium

D2 Diode, Sylvania  IN270
Germanium

D3 Diode, Sylvania  IN270
Germanium

D4 Diode, Sylvania  IN270
Germanium

R1 Resistor, Allen- RC20GF 10K0 5% 1/2 W
Comp . Bradley

R2 Resistor, Allen- RC20GF 10K +5% 1/2 W
Comp. Bradley

R3 Resistor, . Allen- RC20GF 10KQ 5% 1/2 w
Comp. Bradley

R4 Resistor, Allen- RC20GF 10K0 +5% 1/2 W
Comp. Bradley

R5 Resistor, Allen- RC20GF 130K +5% 1/2 W
Comp. Bradley

R6 Resistor, Allen- RC20GF 130K0 *5% 1/2 W
Comp. Bradley

R7 Resistor, Allen- RCZ0GF 130K0 +5% 1/2 W
Comp. Bradley

R8 Resistor, Allen- RC20GF 5.1K0 *5% 1/2 W
Comp. Bradley

R9 Resistor, Allen- RC20GF 2.4KQ 5% 1/2 W
Comp. Bradley
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BY  THEALL DATE 7/1/66 SUBJECT __Differential Ampl. SHEET NO. 2 OF _3
CHKD. BY DATE & PZT Driver - Board 16 JOB NO. __26514
XB-594-0055 Rotation Sensor - Servo
CAT #
PART # TYPE MFR. OR VALUE TOL. RATING
MIL #

R10 Resistor, Allen- RC20GF 1KO +10% 1/2 W
Comp. Bradley

R11 Resistor, Allen- RC20GF 1KQ +10% 1/2 W
Comp. Bradley

R12 Resistor, Allen- RC20GF 5100 + 5% 1/2 W
Comp . Bradley

R13 Resistor, Allen- RC20GF 1KQ +10% 1/2 W
Comp. Bradley

R14 Resistor, Ohmite 1850 50K0 20 W
Wire Wound Brown

Devil

R15 Resistor, Allen- RC42GF 5100 * 5% 2 W
Comp. Bradley

R16 Resistor, Allen- RC42GF 270K +10% 2 W
Comp. Bradley

R17 Resistor, Allen- RC42GF 270KQ +10% 2w
Comp. Bradley

R18 Resistor, Allen- RC32GF 8200 +10% 1w
Comp . Bradley

R19 Resistor, Allen- RC32GF 8200 +10% 1w
Comp. Bradley

Cl Capacitor, Arco- CM15E-501J 500PFD £ 5% 500WVDC
Mica Elmenco

c2 Capacitor, Arco- CM15E-501J 500PFD t 5% 500WVDC
Mica Elmenco ‘

c3 Capacitor, Arco- CM15E-301J 300PFD + 5% 500wWvDC
Mica Elmenco

C4 Capacitor, Sprague CS13BE-106K  10MFD *10% 20WVDC
Electrolytic

c5 Capacitor, Sprague CS13BE-106K  10MFD +10% 20WVDC
Electrolytie

cé Capacitor, Aerovox PTI86 100MFD +10% 25WVDC
Electrolytic

c7 Capacitor, Sprague CS13BE-106K 10MFD +10% 20WVDC
Electrolytic
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BY THEALL DATE 7/1/66 SUBJECT Differential Ampl. SHEET NO. 3 OF 3
CHKD. BY DATE & PZT Driver - Board 16 JOB NO. 26514
XB-594-0055 Rotation Sensor - Servo
CAT |
QTY  PART # TYPE MFR. OR VALUE TOL. RATING
MIL #
c8 Capacitor, Aerovox PTT73 100MFD 15WVDC
Electrolytic
Cc9 Capacitor Arco- CM-15E- 68PFD *5% 500WVDC
Mica Elmenco 680J
F1l Fuse 8ag Little Series 1/16A 250V
Fuse 36100
F2 Fuse 8ag Little Series 1/16A 250V
Fuse 36100
2 Fuse Holder Little 387001
Fuse
1 Heat Wakefield  NC403K 2°C/W
Dissipator
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BY Theall DATE 7/1/66 SUBJECT___ D-A Converter SHEET NO. 1 oF 3
CHKD. BY DATE Board A XB-594-0041 JOB NO. 26514
Rotation Semsor
PART 7 TYPE MFR. Cf‘);' # VALUE TOL. RATING
MIL #
Ql Transistor, Fairchild 2N3638
Silicon
Q2 Transistor, Fairchild 2N3638
Silicon
Q3 Transistor, Fairchild 2N3638
Silicon
Q4 Transistor, Fairchild 2N3638
Silicon
Q5 Transistor, Fairchild 2N3638
Silicon
Q6 Transistor, Fairchild 2N3638
Silicon
Q7 Transistor, Fairchild 2N3638
Silicon
Q8 Transistor, Fairchild 2N3638
Silicon
R1 Trimpot Bourns 30675-1~ 200 Q 1/2wW
201
R2 Trimpot Bourns 3067S8-1-~ 500 Q 1/2W
501
R3 Trimpot Bourns 3067s-1- 1000 Q 1/2w
102
R4 Trimpot Bourns 30678~1~ 2K Q 1/2w
202
R5 Resistor Ward- WL70 14K O 1% 1/2w
Metall. Leonard RN70C
Film
R6 Resistor Ward- WL70 14K Q 1% 1/2W
Metall. Leonard RN70C
Film
R7 Resistor IRC MEC T2 16.9K Q 1% 1/2w
Metall. Film RN70C
R8 Resistor IRC MEB T2 34K Q 1% 1/4w
Metall. Film RN65C
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BY Theall DpDATE 7/1/66 SUBJECT D-A Converter SHEET NO. __ 2 OF 3
CHKD. BY DATE Board A XB-594-0041 JOB NO. 26514

Rotation Sensor

CAT.#
PART # TYPE MFR. R VALUE TOL. RATING
MIL #
R9 Resistor IRC MEB T2 75K O 1% 1/4W
Metall, Film RN65C
R10 Resistor IRC MEA T2 2610 O 1% 1/8W
Metall, Film RN60C
R11 Resistor IRC MEA T2 1210 ¢ 1% 1/8W
Metall, Film RN60C
R12 Resistor, IRC RN70C 57600 1% 1/2W
Metall, Film MECT2
R13 Resistor, IRC RN70C 57600 1% 1/2W
Metall, Film MEC T2
R14 Resistor, IRC RN70C 5760 Q 1% 1/2w
Metall, Film MEC T2 '
R15 Resistor, IRC RN70C 5760 Q 1% 1/2w
Metall., Film MEC T2
R16 Resistor, Ward WL70 3010 1% 1/2w
Metall, Film Leonard RN70
R17 Resistor, Ward WL70 3010 O 1% 1/2W
Metall, Film Leonard RN70
R18 Resistor, Allen- RC20GF 3K 0 5% 1/2w
Comp. Bradley
R19 Resistor, Allen- RC20GF 3K {2 5% 1/2w
Comp. Bradley
R20 Resistor, Allen- RC20GF 3K Q 5% 1/2w
: Comp. Bradley
R21 Resistor, Allen- RC20GF 3KQ 5% 1/2W
Comp, Bradley
R22 Resistor, IRC MEAT?2 90.9K 1% 1/8W
Metall, Film RN60C
R23 Resistor, IRC MEAT2 196K 1% 1/8W
Metall. Film RN60C
R24 Resistor, IRC MEAT2 392K 1% 1/8W
Metall. Film RN60C
R25 Resistor, Ward- WL65 604K O 1% 1/4W
Metall, Film Leonard RN65
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BY_Theall DATE_ 7/1/66 SUBJECT D=A Converter

SHEET NO._3 OF__3

CHKD. BY DATE Board A XB-594-0041 JOB NO. 26514
Rotation Sensor
PART # TYPE MFR. Cg;'# VALUE TOL, RATING
MIL #

R26 Resistor, IRC MEAT2 6040 O 1% 1/8w
Metall, Film RN60C

R27 Resistor, IRC MEAT2 1K Q 1% 1/8w
Metall, Film RN60C

R28 Resistor, IRC MEAT2 4990 1% 1/8w
Metall., Film RN60C

R29 Resistor, IRC MEAT2 182K 1% 1/8W
Metall. Film RN60C

R30 Resistor, IRC MEAT2 11K O 1% 1/8W
Metall. Film RN60C

R31 Resistor Ward- WL70 3010 0 1% 1/2w
Metall, Film Leonard RN70C

R32 Resistor, Ward- WL70 3010 1% 1/2wW
Metall. Film Leonard RN70C

R33 Resistor, Ward- WL70 3010 O 1% 1/2u
Metall. Film Leonard RN70C )

R34 Resistor, Ward- WL70 3010 1% 1/2w
Metall, Film Leonard RN70C

R35 Resistor, Allen- RC20GF 3K Q 5% 1/2wW
Comp, Bradley

R36 Resistor, Allen- RC20GF 3K Q 5% 1/2w
Comp. Bradley

R37 Resistor, Allen- RC20GF 3KQ 5% 1/2wW
Comp.. Bradley '

R38 Resistor, Allen- RC20GF 3K Q0 5% 1/2w
Comp. Bradley
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BY THEALL DATE 7/5/66 SUBJECT DA Converter SHEET NO. 1  OF
CHKD. BY DATE Board B JOB NG. 26514
XB-594-0042
CAT #
OR
. TOL.
PART # TYPE MFR MIL # VALUE RATING
Al Amplifier, Philbrick PP55AU
Diff.
Solid-State
Q1 Transistor, Fairchild 2N3638
Silicon,
PNP
Q2 Transistor, Fairchild 2N3638
Silicon,
PNP
Q3 Transistor, Fairchild 2N3638
Silicon,
PNP
R1 Resistor, IRC MEAT2 1780 1% 1/8 W
Metal RN60C
Film
R2 Resistor, IRC MECT2 10. 2K0 1% 1/2 W
Metal RN70C
Film
R3 Resistor, IRC MECT2 10. 2KO 1% 1/2 W
Metal RN70C
Film
R4 Trimpot Bourns 30678~1-101 1000 1/2 w
R5 Resistor Allen- RGC20GF 15K0 5% 1/2 W
Comp. Bradley
R6 Resistor Allen~ RC20GF 1.6KQO 5% 1/2 W
Comp. Bradley
R7 Trimpot Bourns 30678-1-201 200Q 1/2 W
R8 Resistor, Allen- RC20GF 15K0 5% 1/2 w
Comp. Bradley
R9 Resistor, IRC | MEAT2 100KD 1% 1/2 W
Metallic RN60C
Film
R10 Resistor, IRC MEAT2 200KN 1% /2w
Metallic RN60C
Film
R11 Resistor, IRC MEAT2 392K0 1% 1/2 W
Metallic Film RN60C
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BY THEALL DATE _7/5/66 SUBJECT DA Converter SHEET NO. OF
CHKD. BY DATE Board B JOB NO. 26514
XB-594-0042
CAT #
PART # TYPE MFR. OR VALUE TOL. RATING
MIL #

R12 Resistor, IRC MEAT2 76800 1% 1/8 W
Metallic RN60OC
Film

R13 Resistor, Ward- WL65 604KQ 1% 1/4 W
Metallic Leonard RN65
Film

R14 Resistor, IRC MEAT2 196KQ 1% 1/8 W
Metallic RN60C
Film

R15 Resistor, Ward- WL65 3320 1% 1/4 W
Metallic Leonard RN65
Film

R16 Resistor, Ward- WL70 30100 1% 1/2 W
Metallic Leonard RN65
Film

R17 Resistor, Ward- WL65 33202 1% 1/4 W
Metallic Leonard RN65
Film

R18 Resistor, Ward- WL70 30100 1% 1/2 W
Metallic Leonard RN70
Film

R19 Resistor, Ward- WL65 3320 1% 1/4 W
Metallic Leonard RN65
Film

R20 Resistor, Ward- WL70 30100 1% 1/2 W
Metallic Leonard RN70
Film

R21 Resistor, Ward- WL65 3320 1% 1/4 W
Metallic Leonard RN65
Film

R22 Resistor, Ward- WL70 30100 1% 1/2 W
Metallic Leonard RN70
Film

R23 Resistor, Allen- RC20GF 3K0 5% 1/2 W
Comp. Bradley

R24 Resistor, Allen- RC20GF 3K0 5% 1/2 W
Comp. Bradley

R25 Resistor, Allen- RC20GF 3KO 5% 1/2 W
Comp. Bradley

R26 Resistor, Allen- RC20GF 3KQO 5% 1/2 W
Comp. Bradley .
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BY THEALL DATE _7/5/66 SUBJECT DA Converter SHEET NO. 3 oOfF 3

-

CHKD BY DATE Board B JOB NO. 26514
XB-594-0042
‘ CAT #
PART # TYPE MFR. OR VALUE TOL. RATING
MIL #
R27 Resistor, Allen-~ RC20GF 6. 8K 5% 1/2 w
Comp. Bradley
R28 Trimpot Bourns 273-1-202 2K0 5% /4w
Cl Capacitor, Sprague CS13BE-106K  10MFD 10% 20WVDC
Electro-
lytic
c2 Capacitor, Sprague CS13BE~106K 10MFD 10% 20WVDC
Electro-
lytic

I-110



By THEALL patg 7/5/66

SUBJECT

Temperature Control

SHEET NO._1 OF__2

CHKD. BY DATE Amplifier Board C JOB NO. _26514
XB-594-0056
PART # TYPE MFR. o # VALUE TOL.  RATING
MIL #
Al Amplifier Philbrick PP55AU
Diff. Solid-~
State
A2 Amplifier Philbrick PP55AU
Diff, Solid-
State
Rl Resistor, Allen- RC20GF 10K Q 5% 1/2w
Comp. Bradley
R2 Resistor, Allen~ RC20GF 10K Q 5% 1/2w
Comp. Bradley
R3 Resistor, Allen- RC20GF 300K Q 5% 1/2w
Comp. Bradley
R4 Trimpot Bourns 30528-1~ 50K 0 1w
503
R5 Trimpot Bourns 30528-1-~ 50K 1w
503
R6 Resistor, Allen- RC20GF 10KQ 5% 1/2w
Comp. Bradley
R7 Resistor, Allen- RC20GF 100K O 5% 1/2w
Comp. Bradley
R8 Resistor, Allen- RC20GF 10K O 5% 1/2w
Comp. Bradley
R9 Resistor Allen- RC20GF 10K Q 5% 1/2w
Comp. Bradley
R10 Resistor Allen- RC20GF 10K Q 5% 1/2w
Comp. Bradley
R11 Trimpot Bourns 30525-'1~ 50K Q0 1w
503
Cl Capacitor, Arco- CM-15-E~ 270PF +5% 500WVDC
Mica Elmenco 2713
c2 Capacitor, Sprague CS13BE~ 10MFD 10% 20WVDC
Electro- 106K
Iytic .
C3 Capacitor, Sprague CS13BE- 10MFD 10% 20WvDC
Electro- 106K
lytic .
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BY THEALL DATE_ 7/5/66 __ SUBJECT _Temperature Control SHEET NO. 2 OF 2
CHKD. BY DATE Amplifier Board C JOB NO. 26514
XB-594-0056
PART # TYPE MFR. cg';. # VALUE TOL. RATING
MIL #
c4 Capacitor Arco~ CM-15-E 270PF 5% 500WVDC
Elmenco 2713
C5 Capacitor, Sprague CS13BE- 1O0MFD 10% 20WvVDC
Electro- 106K
lytie
Ccé6 Capacitor, Sprague CS13BE~ 10MFD 10% 20WVDC
Electro- 106K
lytic
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NEW TECHNOLOGY.REPORT

NASA Contract: NAS 8411669 o ~ October 14, 1965

Perkin-Elmer Sales Order: 26514 N
4
GENERAL

The items discussed in the New Technology section of this
report are forerunners of a more detailed discussion to be submitted
in the Final Report, required as a contractually deliverable item. It
is the intention, since this is a research-type contract, to meet our
Final New Technology Report requirements by submitting the Final Report
due under the contract, '

_ The work ‘to be described below was performed by Paul Lee
and Gordon Dueker of the Perkin-Elmer Corporation.

The new devices and technology developed under the
contract fall into the following general classes:

A. Investigation of materifals for use in ring
lasers; ’

B. Optical devices and techniques;
. C. Electronic controls for lagers;
D. Mode control of ringblésers.

Descriptions of items in each éategory are developed below,

NEVW TECHNOLOGY

A. Investigation of Materials for Use in Ring Lasers

1. Factor of Merit for Faraday Rotation
Control of light in a ring laser cavity is often done by

rotating the plane of polarization utilizing the Faraday effect in a
transparent substance, However, many glesses have too much loss,

III-1
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from bulk scatter or absorption, to allow operation at all within
the laser cavity, Fused silica, which has minimum losses, also has
low Faraday rotation, In attempting to find a better material,
several different types of glass were obtained from optical stores,
and polished on parallel faces approximately one inch apart. The
samples were placed at Brewster's angle inside the resonator of a
7.5 meter perimeter ring laser with a single 80cm x 4mm diameter
plasma tube, Of the 6 samples prepared, only 2, namely, F-2 and
SK-16 would operate, Scatter was estimated visually in ¢comparison
to that in fused silica, Reduction in power output wasinoted
relative to the unmodified laser,

Schott Glass Fraction of Power Estimated
Type {# Relative to no Sample Relative Scatter
BAK ~ 1 0 Not observed
BAK = 2 0 Not observed

SK - 2 0 Not observed
SK - 4 0 Not observed
SK - 16 - 0,01 5 x
F -2 . 0.1 : 2 x

Table 1,

2, Optical Homogeneity

Fused silica is supplied by the manufacturer in several
forms., The two most common for fabrication of laser components are
rectangular slabs or ingots, and cylindrical rods. Interferometric
examination of both showed several fringes of optical path difference
per centimeter of aperture, concentrated mostly near the outer surface
of the cast shape. Annealing of the material according to the
manufacturers' instructions produced no measurable change. It was
concluded that the path difference was due to density gradients pro-
duced during. the casting. Critical parts for laser applications,
where multiple passes of light through the material occur, should be
fabricated from sections of large ingots avoilding the outer cast
surfaces, . :

II1-2
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3. Anti-Reflection Coatings

In many instances, it is desired to operate a laser plasma
tube with circularly polarized light in the plasma or to be able to
choose the plane of polarization at random., Conventional design of
tubes utilizes end windows set at Brewster's angle to the beam, and
does not allow this freedom. During the program, two laser tubes
were constructed having windows perpendicular to the beam, and with
anti-reflection coatings on both surfaces, The coatingas were double-
layer, MgFy - CeF3 films. 1In order to have enough excessgain to
operate as a laser, it was necessary to have reflection l¢sses below
about 1/2 percent total., This was achieved by selection of the best
coatings from a number of trials., The tubes with these coated windows
operated as linear lasers with reasonable gain, and produced un-
polarized light, The 1ife of both tubes was short, not exceeding
four hours of operating time. In contrast, extended storage time of
several months had no apparent detrimental effect, Further investiga-
tion is required to determine the causes of the limited 1life,

B. Optical Devices and Techniques

1. Brewster's Angle Flat Plate Coupler

A device which provides efficient coupling of energy from
a linear F-P laser into a ring type of resonator is shown in Figure 1,

. high angle coating -
Brewster's angle _~~ 3iii:?i:j:"'

/

Fig. 1

The beam entering and leaving the uncoated surface of the
plate may be the operating path of a conventional linear laser, and
negligible loss will occur at the Brewster surface, On the coated side,
the emerging rays can be utilized to align a ring laser, with the plate
as one of the permanent mirrors of the ring. After aligmment, the plate
serves as one exit port of the ring, with no spurious back reflectiomns.
The dielectric coating must be designed for operation at the angle
corresponding to Brewster's angle in fused silica (55° 33' for 6328R)
and for the amount of transmission desired,

- III-3
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2, Shovel-nose Prisms

‘ A second mecans of coupling to ring lasers is shown in
Figure 2 where it is desirable to have beams at a narrow angle to

each other,
Dielectric
r",,/*’://-Coating (B)

Brewster's Angle

Brewster's Angle

\& Fig. 2

Beams enter from the right at a small angle (10 to 15

- degrees) away from normal incidence, and leave at the left through a
Brewster's angle surface. The angles between the beams can be chosen
within limits, to fit various geometries of ring lasers and a curved
surface may be used at (B) as the focusing element, Because of the
low-loss Brewster surfaces, either side may be placed inside a ring
laser resonator, :

3. Unit Beam Combiner

To gain information about the phase and frequency of the
contracirculating beams in a ring laser, it is often necessary to
- combine them in some type of interferometer. The combining must be
done in a stable structure which does not introduce spurious phase
shifts itself, and which does not couple energy from one beam to the
other inside the laser cavity., A structure meeting these requirements
is shown in Figure 3, It is specifically designed to work with the
output prisms described in paragraph 2, but could be modified to work
at other angles, All input and exit surfaces are at Brewster's angle
to the beams, The partially reflecting surface coating is at a
cemented intetface and is protected from damage.

v Three mechanical motions are required to align the beams,
They are: side-wise translation (a), which serves to bring the beams
to the same point oa the partially reflecting surface; roteton (b) about
the point of intersection of the beams, in the horizontal plane, and
rotation (c) about the same point, but in the vertical plane. The
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latter two motions are sufficient to make the beams collinear
after they have been made to intersect at the beam-splitting surface,

/e

;Partigily. reflecting
surface

: Fig., 3

‘A total internal reflection of each pair of combined ‘
beams occurs at points E & F., This allows the beams to be extracted
at Brewster's angle, and avoids ghost reflections from the surfaces,

4, Non-Reciprocal Gain Control

. In a ring laser the two contra-circulating beams may have
differing intensities because of residual Faraday rotation and other
secondary non~reciprocal effects, To correct such effects, or to
deliberately emphasize them, a non-reciprocal gain control was
designed., Figure 4 shows a sketch of the element,

Faraday rotator

coil |
T A

‘1- Fixed Brewster's
r\szr4_———1angle ends
V]

o
7
U

Y
D
D

c—
C-—
c-\

C

Fig. &4

"(A) Rotatable half-wave
plate

At (A) is a crystal quartz half-wave retardation plate
in a rotatable mount., On either side of the half-wave plate are
fused silica rods with Brewster's angle ends, and on them is wound
a solenoid for producing non~reciprocal Faraday rotation, In opera-
-tion, a reciprocal loss is introduced into both beams, by rotating
the half-wave plate, which rotates the plane of polarization away from
that established by the Brewster's angle surfaces elsewhere in the ring.
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By passing current through the coil, one beam is then rotated in the
~ direction of better alignment to the Brewster surfaces, while the
contra-circulating beam is further mis-aligned. .

5. Beam Diameter Control

A constantly recurring problem in ring lasen design is
loss caused by scattering and optical inhomogeneity of materials needed
inside the resonator. The problem is even more critical ;in ring than
in linear lasers because only half as many passes are made through
the active medium by the 1light. A partial solution to the problem is
found by using properly spaced curved mirrors to control the beam
diameter in the laser cavity. 1If, for instance, two mirrors are
spaced apart by the sum of their focal lengths, a converging beam
will be produced between them, while essentially parallel beams may,
be maintained elsewhere in the system, Critical components may be
inserted ncar the focus, where the beam cross-section is a minimum,
Other combinations of spacing and focal lengths may also be used to
enlarge or decrease the cross-section of the beam inside the cavity.

C., Electronic Controls for Lasers . . + 15V
. AV AN AAN AN AN
AN AAA— Il

';_F{>

- 208
\

Photo~ \\~‘f‘>\~\~_‘~\§

Voltaic ) : —

Cell L Coherent Light T —_—

: Sample He-Ne

Plasma
Tube

H.V.
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1. Laser Intensity Regulator

Laser beam intensity was regulated with an electronic
loop closed to the laser anode current., In one system, a photo-
voltaic cell coupled laser output to an amplifier chain which used
a high voltage PNP transistor as laser anode driver. Net loop gain
was 46 db, breaking at 1 kc and 10 kc to fall into zero db at 100 kc,
Beam intensity fluctuations were held within one part per thousand.
Use of small integrated feedback amplifiers combines combactness and
gain stability in the signal portion of the loop. ¢

D. Mode Control in Ring Lasers

1, Variable Couplers

When a requirement arises for coupling energy into or out
of a ring laser cavity it is often desirable to have the amount of
coupling variable., Such requirements may include longitudinal mode
control, alignment of other systems, and frequency or phase control,
It is an additional advantage if the coupler does not deviate the
beam into which it is inserted., A coupler having both these features
is shown im Figure 5,

L/

L

evaporated spacers (1 A)

Mechanical Pressure

Fig. 5
. IIX=7
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The laser beam enters either prism at Brewster's angle
and is totally internally reflected twice at opposite faces. At the
adjacent TIR surfaces at (B) the prisms may be placed so close to
contact (of the order of 1 wave or less) that the total internal
reflection is partially frustrated, and energy is transferred across
the gap from one prism to the other. The amount of coupling can be
varied from zero to almost 100% by changing the gap width mechanically
or electrically for automatic remote control. Prism geométry is
such that minor motion of the device does not deviate either beam.

2, 3-Mirror Fabry-Perot

Linear Fabry-Perot lasers have been operated with a
third internal mirror in the form of a half Brewster's angle prism,
as shown in Figure 6,

Plasma Tube
/\
[y |

Dielectric Coating

. Mirror
Mirror

Half Brewster's angie prism

Fig. 6

By placing the rear surface of the internal mirror at
Brewster's angle, reflection losses are avoided. The prism may be
mounted on a slide providing motion perpendicular to the plane of the
drawing, in which case the prism may be moved to bring surfaces of
differing reflectivity into position in the beam.,

Robert §S. Peeters
New Technology Officer

RSP:ejw
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RING LASER SYSTEMS.
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DEVELOPMENT AND FABRICATION OF

P. 1. Lee (Perkin-Elmer

Corp.) Dec. 1966. pp. 178

5B1—Measurement of Saturation Induced Optical
Nonreciprocity in a Ring Laser Plasma

P. H. LEE anp J. G. ATWOOD

Abstract—When a gas laser plasma is illuminated by unequally
intense laser beams traveling in opposing directions, its index of
refraction becomes significantly nonreciprocal. We have studied this
effect by measuring the beat frequency between the counter-
rotating beams in a 6328A He-Ne ring laser under controlled
conditions,

Frequency locking was effectively eliminated by using a Faraday
effect beat frequency bias element. The measured beat frequency
became a strong function of two independent parameters: the ring
resonator funing and the beam intensity difference.

A second Faraday effect element was introduced to control non-
reciprocal losses within the ring resonator. Servo loops controlling
both the total laser intensity and the intensity ratio between the
counterrotating beams permitted direct measurement of the non-

Manuscript received May 2, 1966. This worked was supported in
- part by the Air Force Avionics Laboratory, AVTL, Wright-Patterson
Air Force Base, Dayton, Ohio, under contract AF33(615)-2059, and
by the National Aeronautics and Space Administration, George C.
Marshall Space Flight Center, Huntsville, Ala., under contract
NAS8-11669. This paper was presented at the 1966 International
Quantum Electronics Conference, Phoenix, Ariz.
The authors are with the Research Department, The Perkin
Elmer Corporation, Norwalk, Conn.

reciprocal gain caused by saturation, or hole burning. The effects
observed are contained in Aronowitz’ theoretical description of
ring lasers.

INTRODUCTION

N THE FIRST published paper suggesting applica-
]:[ tions of the ring laser, Rosenthal' saw the device
as a generally useful detector of optical path non-
reciprocity. This is inequality of optical path length
around the ring resonator when it is traversed in opposite
directions. He suggested its use not only as a rotation-
sensor, but also for detection of magneto-optic effects
and optical path nonreciprocities of other origin.
In the experiments described here, we have used a
ring laser to observe optical nonreciprocity in a gaseous
laser active medium. The nonreciprocity we see in this

AL H. Rosenthal, ‘“Regenerative circulatory multiple-beam
interferometry for the study of light-propagation effects,” J. Opt.
Soc. Amer., vol. 52, pp. 1143-1148, October 1962.
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. experiment is caused by saturation of the inverted popula-
L tion by the two opposite travehng light waves in the ring
. laser.

_The effect is interesting for several reasons. Fu'st it is

a way of studymg the interaction of light with matter
j ¢ nﬁguratlon which is uniquely simple theoretically.
is 50 because in the limit where the lager is operated
) 4 pure travehng—wave mode, the entire active medium
ub'ect to a constant uniform intensity of illumination.
Te able in some of these experiments to approach
;mode of operation.:
e_‘ nd, the saturation induced nonreciprocity in' the
gas i lnterestmg because it represents a major potential
~ ,source of error in ring laser rotation sensors.
. In our experiments, we have broadened the application
‘f of the ring laser 1o measure more than the nonreciprocity
of optical path length. We have measured the non-
reciprocity of optical transmittance, as well. This was
done by introducing into the ring an optical component
which gave us control over the nonreciprocity of trans-
mittance.

With the apparatus we used we could thus control
both the real and imaginary parts of the complex index
of réfraction within the ring resonator. These could be
controlled separately for each of the two directions of
traversal.

Using this tool, we were able to measure directly the
depth and profile of a hole burned in the Doppler broad-
ened gain curve. This was done together with a direct
measure of the dispersive effect of the same hole on the
ring laser’s beat frequency.

The apparatus used was an experimental breadboard
lager not intended for rotation sensing, but rather for
testing new measurement techniques and new magneto-
optic components. '

EXPERIMENTAL APPARATUS

. The measurements were made using the apparatus

. shown in Fig. 1.
The 6328A ring laser consisted of an isosceles triangle
~ ‘with base angles of 21°, and a perimeter of about 70 cm.
i It included as refracting elements a single de excited
- plasma tube with silica Brewster angle windows at each
“ k‘end‘ a silica Faraday rotation element for introducing
.8 _nonreciprocity of optical path length, and another
( 1hca magneto-optic element for introducing nonreciprocity
of transmission. At the 21° angles, dielectric coated
lerrors, one flat and one 120 em ~concave radius, com-~

(= than oneklong1 udma,l
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120CM RADIUS

BEAM COMBINING
BEAT INTERFEROMETER

Fig. 1. Schematic diagram of ring laser.
mode in each direction. The light was plane polarized
with the electric vector horizontal.

The sensitivity to angular rotation in the ring was
calculated to be 10° Hz/rad/s. The plane of the ring was
horizontal and stationary with respect to the laboratory
at 41.75°N latitude. Hence, the rotational frequency
splitting induced by the earth’s rotation rate was 5 Haz.
This amount was negligible compared to the nominal
50 kHz splitting magneto-optically introduced in these
experiments.

The beat frequency was observed by interfering the
clockwise and the counterclockwise beams transmitted
by the concave mirror, detecting the resultant beat on a
photomultiplier. The intensities of the clockwise and
counterclockwise beams transmitted through the flat
mirror were observed with two photomultipliers. The
intensity of the sum of clockwise and counterclockwise
beams was measured with a silicon solar cell.

The components in the ring were as follows.

A. Plasma Tube

The tube was of glass having 1.5-mm inner bore and
22.5 em of active length. It had 0.2-cm-thick fused silica
end windows at Brewster’s angle. The tube was dc ex-
cited with a servo controlled current between 3 and 7 mA.
It had a heated oxide-coated cathode.

The plasma tube was filled with a 7-to-1 ratio mixture
of He® and of Ne® which was at best 99.97 percent
isotopically pure. The total pressure filled was 3 torr:

B. Laser Power Control

The laser power output could be controlled (or servoed) -
by controlling the laser plasma anode current. This was
delivered by an. electronic current source with output

-current proportlonal to a 1emote voltage mput &gnal:\“

C. Nomeczprocal Tmnsmzsszon C’ontrol e
The dlﬁerence between the power 1evels of the clock—

,Wlse and counterclockmse beams could be adjusted for

servo contro]led) by changmg the current in the solenmd
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ANTI-REFLECTION COATINGS

OPTICAL
CONTACT
]
- COM:
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FARADAY
ROTATOR

4 FRESNEL RHOMBS A

Fig. 2. Nonreciprocal transmission control diagram.

Fig. 3. Nonreciprocal transmission control (exploded view). The
micrometer rotates the whole structure and thereby the A/2
retardation element. :

generating a longitudinal magnetic field in the device
shown in Fig,. 2. ’

This unit consists of a mechanically rotatable half-
wave retardation element composed of two Fresnel rhombs
in tandem, followed by a magneto-optic Faraday rotator.
It functions as follows. The Fresnel rhombs rotate the
plane of polarization of the clockwise and counterclock-
wise beams reciprocally. The magneto-optic element
rotates the planes of polarization of the clockwise and
counterclockwise beams nonreciprocally. For fixed settings
of thomb angle and solenoid current, these rotations add
for one direction of circulation and subtract for the other.
The direction for which they subtract is transmitted
with lower loss. The direction for which they add suffers
higher losses at the Brewster’s angle surfaces in the
resonator.

A photograph of the unit is shown in Fig. 3. The optical

parts are constructed entirely of fused silica. The end faces -
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Fig. 4. Nonreciprocal index control (bizarre bar).

BREWSTER CAP PRISMS

FARADAY ROTATOR
FRESNEL RHOMBS

Fig. 5. Nonreciprocal index control (bizarre bar). Material: fused
silica. Net beam deviation is a refraction through 42°. Reflection
deviations cancel.

of the nonreciprocal transmission element are a few degrees
off normal to the beam. They are dielectric coated for low
reflection loss. With this unit we could conveniently
produce nonreciprocal transmission of 107°. This was
large enough to extinguish one direction of propagation
while the other oscillation continued with useful intensity.

D. Nonreciprocal Index Control

The frequency splitting between the clockwise and
counterclockwise modes of the ring laser was controlled
by changing the current in the solenoid of a second
magneto-optic element shown in Fig. 4. This device
functions as follows. The plane polarized clockwise and
counterclockwise light beams enter the Fresnel rhombs
through attached Brewster’s angle faces, and are con-
verted to circularly polarized light by two total internal
reflections inside the material. Then, as shown in Fig,
5, the beams pass through a section of fused silica in a
longitudinal magnetic field generated by current in a
surrounding solenoid. In this section the index of refrac-
tion is nonreciprocal for the two direetions of propagation
of circularly polarized light. ~

With' this unit we ecould. conveniently produce non-
reciprocal optical path length of 107\, causing mode
splittings of 4350 kHz in this ring resonator. Fifty kHz
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was sufficient to eliminate completely all mode-locking
effects between the two directions of circulation except
when intensity competition occurs at the center of the
Doppler line.

The stability of the frequency splitting introduced
by this device was about 425 Haz.

E. Perimeter Tuning Control

The mean fréquency of the clockwise and counter-
clockwise modes was tunable through the Doppler line
by a piezoelectric actuator which could move the flat

~mirror over a full range of +3 orders. Its frequency re-
sponse permitted saw-tooth scanning of the mean laser

frequency at repetition rates from 0 to 5 kHz. Typical
scan rate was 2 GHz/s. The frequency sweep voltage
was displayed on the horizontal trace of an oscilloscope,
permitting us to plot on the oscilloscope screen various
laser performance parameters as a function of mean laser
frequency. In all these plots, the longitudinal mode spac-
ing and the center of the Doppler line could be clearly
identified. Hence, direct measurements of laser frequency
with respect to the Doppler line could be made. We used
these controls to study several properties of single mode
ring lasers.

OBSERVATION OF THE CompETITION EFFECT UNDER
NONDEGENERATE CONDITIONS

As a single-mode, isotopically pure ring laser is tuned
through its Doppler line, an instability occurs near the
Doppler line center. During this instability, one of the
two directions of circulation goes out and the other gets
brighter. This effect, which has long been observed ex-
perimentally by us and others, has been theoretically
described by Aronowitz® and Gyorffy and Lamb.® It can
be explained as the result of competition between the
two beams for stimulated emission from the group of
excited atoms in the Doppler distribution having nearly
zero component of velocity along the beam.

In ring lasers with small nonreciprocal optical path
length bias and no control over nonreciprocal transmis-
sion, the competition effect often appears erratic because
it is masked by two degeneracies. One is degeneracy of
optical frequencies, which leads to phaselocking of the
clockwise and counterclockwise oscillations. The other
is a degeneracy of the clockwise and counterclockwise
transmission which permits random nonreciprocal en-
vironmental disturbances to determine which beam will
win the competition.

When this double degeneracy is removed by enough
nonreciprocal transit time to eliminate phase locking,
and_by enough controlled nonreciprocal transmission to
override random disturbances, the competition effect
becomes consistent and reproducible.

The oscilloscope photos in Figs. 6, 7, and 8 show the

2 P, Aronowitz, “Theory of a traveling-wave optical maser,” Phys.
Rev., vol. 139, pp. A635-A646, August 2, 1962,
+'B. Gyorfly and W. E. Lamb Jr,, pnvate communication.
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Fig. 6. Intensity competition at line center. The oscillogram show-
ing the simultaneous variation of clockwise and counterclockwise
power output vs. linear perimeter sweep over more than two
orders. Zero power is at the top of the traces. Power increases down-
ward. The laser goes out between orders where the Doppler
broadened gain falls below threshold. One beam is extinguished in
the competition near the line center. Sweep direction is left to
right at 5 GHz/s. The pattern repeats at the longitidinal mode
spacing of 368 MHz. Beat frequency bias is 50 kHz and nonre-
ciprocal transmission is 0.5 X 1074

Fig. 7. Effect of increased nonreciprocal transmission on com-
petition. The same conditions as Fig. 6 except that the
nonreeciprocal transmission ratio is twice as large. The ratio of
beam powers is farther from unity at all frequencies and extinction
occurs over g wider frequency range.

Fig. 8. Competition effect with near minimmum nonreciprocal
transmission. Otherwise the same conditions as Fig. 6 and Fig, 7
except just enough nonreciprocal transmission to override disturb-
ances. The 50-kHz beat bias prevents complete extinction at the
%ne center. Hence, the linewidth and asymmetry of the effect can

e seen.
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effect. In all these photos, a 50 kHz-bias eliminates mode
locking and the plasma anode current is held constant.
Thus, we see the Doppler-population-dependent variation
of power with laser frequency is present in both beams
except at the center of the Doppler line. Here, one beam
is extinguished and the power in the other beam increases
by the amount missing from the extinguished beam.

In Fig. 6 the nonreciprocal transmission ratio is about
0.5 X 107* It causes extinction of the weak beam over
37 MHz. For greater ratios the extinction ocecurs over a
wider frequency range, as shown in Fig. 7, wheve a trans-
mission ratio of 1.0 X 107* causes extinction over 78 MHz.

As the transmission ratio approaches unity, but is just
sufficiently nonreciprocal to override disturbances, we
see that the large beat frequency bias prevents the total
extinction of the weaker beam. This is shown in Fig. 8.

Operating in this last condition permits us to observe
the true linewidth and profile of the competition effect.
It has a linewidth at half-height of about 30 = 2 MHz
in the laser we used.

Note that the line profile-is unsymmetrical. This is a
real ecffect not dependent on scanning conditions. We
observed it in all our experiments. The peak is skewed
about 8.5 4 2 MHz to the high frequency side of the
center of its base.

OrERATION WITH BEAM PowER SERVO CONTROLLED

A. Tolal Beam Power Control Servo System

The sum of the power levels of the two beams in the
resonator could be servo controlled by varying the laser
plasma anode current with an error signal derived from
the sum of the currents in the corresponding photo-
multipliers. The loop gain of this power control was
greater than 40 dB and flat with frequency from dc to
30 kHz, falling at 6 dB/octave above this.

Figure 9 shows operation using this control, with just
enough small fixed nonreciprocal transmission introduced
to override disturbances. The beam powers are equal
and constant with frequency except in the center of the
Doppler line, where the competition occurs as before,

The error signal of this servo represents the additional
pumping of the plasma required to maintain a constant
flow of power into the combined output beams. The pump-
ing current varied as the laser frequency was tuned through
the Doppler line, having ifs minimum current at the
maximum of this line as shown in Fig. 10.

B. Beam Power Ratio Conirol Servo

The ratio between the power levels of the clockwise
and counterclockwise beams could be servo controlled
by varying the current in the nonreciprocal transmission
control with an error signal derived from the difference
of the currents in the corresponding photomultipliers.
The servo holds this difference to a null.

To control the power ratio between the beams, we put a
calibrated optical density filter into one beam ahead of
the photomultiplier. To maintain the null of photo-
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Fig. 9. Competition when Doppler gain effect is removed by. sum
power servo stabilization. Lower traces are simultaneous power in
CW and CCW output beams (increasing downward).. Upper
trace is zero power line. Competition nearly to extinction appears
near the Doppler line center. Longitudinal modes switch at the
order ends. Note the otherwise constant and equal output powers.

Fig. 10. Variation in servo error signals with perimeter tuning
scan. Maximum currents downward. Upper trace: total beam
power conirol error needed to remove normal Doppler gain
variation. Lower trace: beam power ratio control error signal
showing a peak at the Doppler line center with an apparent line-
width of 225 MHz. This signal represents the nonreciprocity of
transmission needed to restore the ratio of beam powers to 0.59,
Oscilloscope frequency response was reduced by high-pass RC
filters with a 2 X 1074 second time constant.

multiplier currents, the nonreciprocal transmission con-
trol adjusts the ratio between beam powers to be cqual
to the transmittance of the filter. The error in the ratio
is small if the loop gain is large.

The loop gain of this ratio control varied from 10 to
40 dB over the resonator tuning range used. The non-
reciprocal transmission control cuirent varies as the laser
frequency is tuned through the Doppler line, having its
minimum current at the maximum of this line, as shown
in Fig. 10,

C. Clamping of Hole Populations

Studies of the optical effects of saturation of laser
plasmas are often made difficult by variation of the beam
power levels during the experiment. The two servos
described above make these measurements simple and
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1 Beam ratlo S6rVo preserves beat at Doppler line center.
. Upper traces: sum power gervo error signal, Low-pass filter re-
moved. Middle trace: power ratio error signal. Low-pass filter
‘removed.  Lower frace: 50-kHz beat frequency envelope. These
_traces show two effects: First, the beat frequency is strong and
continuous through the Doppler line center, showing that the
intensity ratio servo has eliminated competition, Second, they
show a high-frequency oscillation on the beam power servo error
signals which was often present but did not influence the average
value of the signals. It is filtered out in most of the other traces
in this'paper.

DIFFERENCE INTENSITY SERVO
Icw-Icow = CONSTANT

L1 PZT LENGTH
TUNING

NON-RECIPROCAL
INDEX CONTROL

Lecw

" CALIBRATED
ABSORBER NON-RECIPROCAL
‘ Lo TRANSMISSION
. Nl CONTROL
e @ PLASMA CURRENT
C T UM INTENSITY SERVO .
Iewt+Icew = CONSTANT TO BEAT
cwr cow INTERFEROMETER

Flg 12. Block diagram of experimental ‘apparatus. The two
ervos in combination maintain both the clockwise and counter-
Ioekvnse hole populations: at preset constants’ throughout a
can across the Doppler line. Using balaneed photocells,
ted absorber shown sets the power ratio between: the
di counterclockwxse beams

eveﬁ',removing power  variation with scan of

independent, of the tunmg of the Iaser resonato k
the Doppler line. :

Doppler line center is removed We can th

mean laser frequency through the center of the Dopp :
line, maintaining constant any desired intensity of the
clockwise and counterclockwise beams independently. In
addition, because the 50-kHz mean beat frequency bias
removes phase:locking between the two beams, the beat
amplitude is constant as we. scan through the center of
the Doppler line. This is shown in Fig. 11. Figure 12 shows
the apparatus used.

OBSERVATION OF SATURATION
InpucEp NoNRECIPROCITY

Operating with a 50-kHz mean beat frequency bias, and
with the intensity sum servo and the intensity ratio servo
both controlling the beam powers, we scanned the mean
laser frequency through the Doppler line. :

During this scan, we measured the beat frequency
variations about its mean using a Hewlett-Packard model
52441, Counter, followed by a Hewlett-Packard 581A,
Digital-to-Analog Converter. The analog signal, actually
a measure of the time to count 1000 periods of the beat
signal, was plotted on the same oscilloscope with the
intensity sum servo error signal, which regularly serves
to identify the mode spacing and Doppler line center.

A typical result is shown in Fig. 13. We have observed
a variation in the beat frequency of as much as 412 kHg,
about the mean 50-kHz bias. The presence of this large
variation in the beat frequency implies a correspondingly
large power and frequency dependent nonreciprocity in
the optical path length around the ring for the clock-
wise and counterclockwise beams. :

This saturation-induced optical path length nonrec-
iprocity has the following properties.

1) It varies with mean laser frequency as the dispersion
curve associated with an absorption line, centered on the
Doppler line.

2) Its magnitude is dependent on the powers of theﬂ
clockwise and counterclockwise beams. It is nearly zero
when the beam powers are equal, It reverses when the ‘
strong and weak beams exchange. ~

3) It is independent of the amount of the bea,t fre—~~

quency bias. Reversmg the 50-kHz bms direction has no‘ .
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Fig. 13. . Beat frequency variation vs. perimeter tumng These
traces show the nonreciprocal index effect. Peaks of the upper .
traces mark Doppler line centers. Lower traces show variation of
the beat frequency as the laser is tuned through the Doppler line

center. (a) Beam power ratio of 0.59, Af = = 6 kHz. (b) With

10 times scale expansion, the nonremprocal dispersion goes:to"

zero for a beam power ratio of 1.00.

: TABLE I
MEASUREMENTS OF SATURATION INDUCED NONRECIPROCITY

Observed Nonreciprocity Bandwidth

Average Beam Intensity

In Gas, W/cm? Peak-to-Peak Peak-to-Peak Peak to Peak
Shift in Beat Change in Nonreciprocal of
Strong Beam Weak Beam . Frequency kHz Transmission Dispersion Curve MHz.

0.55 0.33 9.0 3.6 X 10 =

0.34 0.20 12.0 2.2 x 10 220

0.30 0.286 1.3 -

0.21 0.13 8.5 — —

0.17 0.10 9.0 —

0.16 0.016 25.0 3.6 X 10~

0.147 0.147 0.0 —

0.13 0.077 7.0 —

range in this figure does not show the full height of the
Lorentzian.
This nonreciprocity is explainable as the effects of gain
and- dispersion associated with two hole populations of
unequal ‘strength symmetrically placed in the Doppler
velocity distribution. The general nature of the effects we o
Table I shows 4 summary of measured nonreciprocities: ' dicted in the published theory For ¢
as a function of beam powers. In reducing the data, the = without servo controls, the‘behavl
beam power outside the resonator was corrected by the two beam powers is approximate
exit mirror transmittance to calculate the beam intensity obtained from Aronowitz,
in 'W/cm in the gas. The average beam area was taken competition effects. However the
. which it occurs appears .
through the center of the

Discussion oF Resurrs




242
In our experiments, ‘the maximum optical frequency
scan was 184 MHz from the Doppler line center. The
dispersion peaks were measured at between 4-100 MHz
~and =120 MHz. The Doppler linewidth factor, Ku =
900 MHz. Therefore, at the points of measurement, the
. normalized frequenecy differences of Aronowitz’ notation
~_are as follows:

&= (w; — we)/Ku = 0.125

‘2 ya/Ku =2 0125,

*Also, since the beat frequency is never more than 60 kHz,
. o — &| < 107,

We may thus make the approximations that exp (—§;) =
- exp (—8) =21, Z(&) = Z(£). With these simplifications,

‘and taking the difference of Aronowitz’ equations (42)
and (43), we obtain

1 1 1/2

e G
Here, Q, and Q. are the cold resonator @’s for clockwise
and counterclockwise beams, and L(%) is a Lorentzian
funetion defined as

LE = [+ @/ @

A is a factor containing the inverted population density
N(t) and the transition dipole moment p,:

(I — INA@ — LI ®

= luwl’N (/K. ®
I, and I, are dimensionless intensities:
L. = |ual’EY/ 25y 2. @)

The action of the nonreciprocal transmission servo is
to force the equation
1 ,
g g o
where 4(f) is the current in the nonreciprocal transmission
control and M the factor relating current to transmit-
tance difference. During the scan, A is made slowly
varying with frequency as can be seen by the relatively
constant error signal of beam power sum servo. Hence,
a plot of £(f) should reflect a Lorentzian band of twice
the natural linewidth, v,,, with amplitude proportional to
" the beam power difference. This is essentially what we
see in Fig. 10.

®

- Nonreciprocal Refractive Index
Similarly, starting with the . simplified versions of

 Aronowitz’ frequency equatlons (44) and (45) and sub-

tractmg, «
: 1/2 A

|  - 20+ T4, - ID(E/n)L(E)

, “Here 5(w) is the beat frequency and 20 is the bias on the‘ .

L beat frequency
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Fig. 14. Measured refractive index nonreciprocity vs. beam inten-
sity difference. The corresponding beam intensity sum is written
beside each point.

Again, A is made a slowly varying function by the sum
servo. Hence, a plot of the beat frequency vs. mean laser
frequency should show a dispersion curve of linewidth
2v.. The observed linewidth is seen to range between
210 to 240 mHz. This suggests a v,, for the trans1t1on
of about 112 =+ 8 mHz.

The peak-to-peak beat frequency shift should be pro-
portional to beam power difference. The plot of Fig. 14
shows this very roughly. Here, the frequency shift is
converted to nonreciprocity of refractive index in the gas.

The plot shows a general tendency for the nonreciprocal
refractive index to be proportional to I, — I,. The value
of the sum of the intensities, I, -+ I, is written beside
each point.

Scatter in the data is attributable in part to fluctua-
tion from run to run in the exact value of the @'s of the
resonator.

In an effort to see how small the nonreciprocal d1s—
persion could be held, if desired, we balanced the beam
intensities as well as we could. The minimum beat fre-
quency excursion we could maintain was about 100 Hz.

We compared the measured nonreciprocal gain of the
holes with the measured dispersions they  produce for
congistency as follows. We eliminate 4 from (6) using
(1). This yields the relation

L ]

bo=20+3 [Ql é] [1 7 RO

~ Convertmg the measured nonreclprocal transnutta.nce AT

(6) |

of the whole path length L, to norma,hzed units v1a the

relatlon | o - .
- '[Qr - Qz] o ®)
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substituting into (7) and evaluating the difference of beats
for £ = =7, we calculated the peak-to-peak shift of beat
frequency. This was 7 kHz at a beam power difference
for which we measure 9 kHz.

CoNCLUSION

In the use of ring lasers as rotation sensors, the mag-
nitude of nonreciprocal dispersion effects we observe could
be a source of major error. For example, in the ring we
used, the nonreciprocity of transmittance would need
to be maintained less than 10" to cause an error of less
than 1 earth’s rotation rate anywhere in the Doppler
line. Our experiment showed that there were environ-
mental disturbances of nonreciprocal transmission much
larger than this. It appears, therefore, that the per-
formance of ring lasers as rotation sensors will be affected

by how well errors caused by nom'ec:tproca: ‘dls
be eontrolled in practice.

In these experiments, we had only rough
the total cold @ of the ring resonator. We di
it accurately. The results suggesi; h
curate cold @ measurements were ¢
were protected from dust and misa,
the @ constant from run to run, the me
here could be used for measumng the dipe
laser transitions. ,

ACKNOWLEDGMENT

. The authors thank W. E. Lamb, Jr a
for helpful discussions; and G. W. Dueke
Theall for engineering the optical and electro
ponents used. L




