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1.1 BACKGROUND INFORMAITON

‘ jlg This is the Final Report on Part II of Contract NAS2-5425,
between the NASA Manned Spaceecraft Center, Houston, Texas and Varxian

Associates of Palo Alto, California, for the development of a Rubidium

Atomic Time and Frequency Reference System for later manned spacecraft use, %
Part II of the contract was subcontracted with NASA approval to

; | ~ the General Radio Company, West Concord, Massachusetts, under Varian

Subcontract VQE-1301,

" P

The Work Statement applicable to the Part II development of

the Spacecraft Atomic Timing System is 67-EE~12, dated November 21, 1967,
and as later modified in Amendments 3, 4, and 6 to NAS9-5425.

Details of the deliverable items of hardware and software are
given in more detail below,

1.2 HARDWARE REQUIREMENTS

3 The contract calls for the delivery of two Engineering Models

designed-and fabricated to demonstratetthe technical soundness of the
design of a Spacecraft Atomic Timing System, using a Rubidium reference
cell in the frequency stabilizing loop.
| : Mating connectors for external connection to the "SATS" are
required,

1.3 SOFIWARE REQUIREMENTS

? 1.3.1 REPORTS

Menthly Progress Reports wére required and were subhitted
throqgh Varian‘to NASAfMSC thrbughout the pe:formanbé of the |
contract, These rep0rts included descriptioné of overall progress,
indications of current problems and profoéed solutions, and
Z’E‘ ' ' /discﬁssions of work to be pérformed in the next mbnthly report-

ing period.




1.3.2

1.3.3

1.3.4

o A S I RO T o B

A Final Report to document and summarize the results of the
entire Part IT phase of the Contract was also a requirement.,
This Final Report is submitted in response to this requirement.

SCHEMATTICS AND MECHANICAL DRAWINGS

Three sets of detailed electrical schematics and mechanical
drawings are required and are being submitted as a deliverable
item, These drawings include detailed parts lists. Certain
portions of the Optical Package, Master Oscillator and the sub-

contracted Microwave Multiplier-Mixer and Power Supply contain

data proprietary to the manufacturers, and are so marked.

An 8 x 10 in film positive reduction of each supplied
drawing was prepared and is being submitted as a deliverable
item,

INSTRUCTION MANUALS

An Instruction Manual, sufficient to connect to, set up,
and operate the "SATS' was prepared and supplied to NASA-MSC,

DESIGN REVIEWS

A Design Review with General Radio, Varian and NASA
personnel was held when the design of the Engineering Models
was essentially complete, and prior to their construction.

NASA and Varian personnel visited the General Radio

facility during the contract for progress review,

A final Design Review is planned for NASA-MSC,




1.4 QUANTUM MEGHAINICAL PRINCIPLES OF RUBIDIUM FREQUENGCY STANDARDS

*

Their high Q and long-temm stability make atomic hyperfine transitions
useful for frequency control. The following description of the principles in-
volved, while much simplified, may serve to acquaint the reader with the quantum
mechanics involved, |
Rubidium, one of the alkali metals, has one single eclectron in the
5th shell. There are two natural isotopes of rubidium, Rb85, which is stable,
and Rb87, which is radioactive with a half-1life of 6 % 1010 years ( B radiator).
Figure 1 is a simplified enexrgy level diagram for Rb87. The 581/2 is
the ground state of the 5th shell electron; 5P1/2 and 5P3/2 are the excited
states. The quantum numbeys, F, designate the hyperfine levels and are
determined by the vector sums of the nuclear angular momentum and the electron
spin. In the presence of a magnetic field, H, each hypexrfine level has a number
of Zeeman sublevels designated MF' MF is determined by the component of F along
the direction of the field H. The MF = 0 sublevel is least dependent on’the
field H, as the nuclear field is perpendicular to the external field.
The energy difference between the 581/2, F = 2, Mf’= 0, and the

581/2, F = 1, M? = 0 hyperfine levels corresponds to about 6835 MHz. In order

to obtain this tranmsition, an overpopulation in the 551/2, F = 2 state is required.

This population difference can be induced by "optical pumping'. Rb87 vapdr is

 exposed to light of proper wavelength and the absorptioﬁ of photon energy pumps

some of the atoms from the ground siate to the excited states. The atoms remain

in the excited states for less than 30 ns and then decay back to the ground state.

The energy difference is reradiated., Figure 2 shows the basic transitions involved

in the optical pﬁmping process. To produce a population difference between the
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=2 and I = 1 ground states, it is neccessary to pump, selectively, from the

F = 1 ground state to one of the excited states. As the probabilities for decay |
back into the T = 2 and F = 1 ground state are almost equal, the result is a
depletion of the F = 1 ground state with respect to the F = 2 ground state,

i.c., more atoms in each sublevel of F = 2 than in F = 1,

Figure 1 shows how the various components of the light from a Rb87

dischaxrge lamp connect the levels. The light from this lamp contains two major

7 DL linc at about 7949 K, and the Rb87

speetral lines, the Rb8 D2 line at about
7800 K. Absoxrption of one photon of the D1 line moves one atom from the ground
state 581/2 to the exeited state 5P1/2. Absorption of one photon of the D2

line moves one atom from 581/2 to the 5P3/2 state. Rach of the D lines consiuts

of two hyperfine components, "a" and "b'". The "a" component pumps from the
é | 551/2 F = 2 level, and the "b" component from the 581/2 F = 1 level.
To obtain the desired net population in the 551/2, F = 2 state the

"a" components. of the D lines must be removed. The extremely small difference

»

. 0 .
in wavelength (22 .06 A) makes the filter requirements quite stringent. Fortu-

nately, another isotope of rubidium (Rb85) provides the means. The spectral

85 87

characteristics of the Rb°~ isotope are quite similar to Rb ', but there is a

slight difference in the hyperfine structure. Figure 3 shows the hyperfine

spectrum of the Rb87 D lines and the Rbss D lines. The "a" component of Rb87_D

and the "A" component of RbBS D overlap, but theve is a difference in wavelength
for the Rb87 D b and Rb85 D B components. As ‘a result, when light from an Rb87
lamp is passed through RbSS vapor, the "a' component is absorbed but the '"b" |

component passes the filter cell and pumps'from the 581/2 F = 1 leﬁel in the

absorption cell as required.




If a magnetic bias (C field) and a microwave ficld of proper frequency

are applied to the Rb87

vapor in the absorxption cell, transitions from Lthe over-
populated 5581/2 F = 2 state to the depleted 551,2 T = 1 state are stimulated.
Rach atom reaching the 581/2 F = 1 state can then absoxrb onec photon of the
pumping light. The absoxption of pumping light is detected, and minimum light
passed (maximum absoxption) indicates proper f£requency. The energy gain realized
in this type of detection is about 5 x,1045 as each radio-photon at 6835 Miz

(N = 4 cm) causes one photon at the DL line ( )\ = 8 x 10"5 cm) to be absorbed.
The light variations are used to adjust the frequency of the RF souxrce. The
energy of the 6835 MHz transition is the difference hetween the energies of the
Rb87 D1l b component and the decay eﬁergy-from the 5P1/2 excited state to the
581/2 F = 2 ground state, or ncarly the same as the difference between the
energles of the two hyperfine components of ﬁhe Dl line. The decay energy

(5P1/2 - 581/2) is absorbed by collision with buffer gas atoms to prevent optical

reradiation. This process is called'"quenching".
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1.5 UTILIZATION OF THE ATOMIC TRANSITEION FOR FREQUENCY CONTROL

The quantum mechanical principles discussed in the preceding section
are utilized in the SATS rubidium frequency standard to provide a discriminator
characteristic which serves és a means to lock the frequency of a Master Crystal
Oscillator to the highly stable apomic resonance.

| The optical absorption of the Rb87 absorption cell inside the Optical
Package is maximum when the RF excitation frequency is exacitly equal to that of
the rubidium resonance. Thus, the photodetector output is a minimum at this
excitation frequency; this absorption characteristic is shown in Figure 4‘A.
A typical rubidium absorption characteristic has a maximum absorption of 0.1%
of the total light and a width of a few hundred hertz. This corresponds to a
resonance with a Q of 10-20 million.

A triangular waveform at the fundamental modulation frequency is
produced by the servo-amplifier '"modulation integrator" and applied to an RF
phase modulator. This results in square-wave frequency modulation, a signal whose
frequency is constant at one value for one half-cycle of the modulation and at
another value for the second half-cycle.

When sucﬁ a signal is used to excite the yubidium discriminafor
three different situations are poséible; the center frequency may be either
(1) below, (2) equal to, or (3) above the rubidium resonant frequency.‘

If the excitatioﬁ frequency is sufficiently below or above the rubidium’

"line" no signal at all will be produced. (This would very likely be the case

when a unit is first turned on since the Master Crystal Oscillator frequency has

a range of several parts per million while the line width is about a thousand
times less. Under these conditions the lock detector must sense lack of signal

and sweep the frequency toward the line.)

When the center frequency is within the line an error signal is prodﬁdéd.

If the excitation center frequency is below the center of the line the photodetectorx




output will decrease most during the half-cycles of modulation when the frequency
is at its higher value. If the excitation center frequency is above thekline

the output will decrease most during the half-cycles when the frequency is lower.
The errox signal therefore has a component at the modulation frequency whose
phase is 180° different depending on whether the center frequency is below or
above the center of the line. This is the rubidium discriminator action used

by the frequency lock loop and shown in Figure 4 B. The fundamental signal is

a maximum when the center frequency is at the maximum slope of the absorption
characteristic and ié zero at the center of the line.

At or near thevcenter of the line the excitation frequency passes
through the minimum of the absovption characteristic twice per modulation cycle.
This results in an error signal component at a frequency equal to twice the
modulation rate. This second harmonic signal, while not uscd by (and indeed a
problem for) the frequency lock loop, is used by the lock detector to indicate
a locked condition.

Mény parameters influence the properties of the yrubidium system efror
signal, most of which are strongly interacting.

Inside the Optical Package these include lamp, filter, and absorption
cell construction and operating conditions and also the photodetector efficiency;

Outside the Optical Package, the significant parémeters include RF
excitation level, modulation rate and modulation deviation. |

The resulting signal properties which are significant to the servo-

amplifier design and operation are the amplitude and phase (with respect to the

modulation signal) of the fundamental and second harmonic signals.
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< 1,6 BASIC BLOCK DTAGRAM OF THE SPACLCRAFT ATOMIC TIMING SYSTEM (SATS)

Figure 2995-9159-2D shows the basic block diagrﬁm of the SATS.

RF at the rﬁbidium hyperfine transition frequency of 6834.688 Miz is
derived frdm a Master Crystal Oscillator operating at 8.192 MHz and applied to
the thical Package. 'The Optical Package functions as a discriminator, producing
an error signal which is processed by the sexrvo amplifier to lock the frequency
of the Master Crystal Oscillator to the rubidium resonance. The 8.192-MHz Master
Crystal Oscillator is therefore controlled or "steered" by the highly stable

,atomic resonance and provides drive to the digital clock and thence the SATS
outpult civecuits,

Synthesis of the microwave drive used to excite the atomic transition
begins by generating signals at 61.44 MHz and 14.848 MHz. These two signals are

i:f produced by Phase-Locked Cryspal Oscillato; Mhltiplier (PLOM) circuits whose
frequencies are related to the 8.192-MHz Master Crystal Oscillator by the
ratios (15/2) and (29/16), resPecfively. The signal at 61.44 MUz is then
multiplied in frequéncy by a factor of 111 to produce a signal at 6819.84 Miz.
This signal is mixed with the output of the 14.848 Mz PLOM, producing an upper
sideband component at the desired rubidium transition frequency of 6834.688 Miz.

Other blocks of the SATS include a heéter controller to mainféin ovené
in the Optical Package at the required opérating'temperatures; a magnetic field
bias network for fine-frequency adjustment; and a power supply to sérve thé
various circuits. Each SATS block or module is described in detail in the next
section of this wreport.

A more detailed block diagram of thé complete SATS is included as

print 2995-9159-2DA/1. This print shows allpbf the a@ailable electrical signals
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{l, from the unit. A photograph of the complete SALS-1 is included as Tigure 6.
The view shown is prior to final topping~off of the poltting compound and

attaching the side cover plate.
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2.1 OPLICAT, PACKAGE

A cutaway of the optical package is shown in Print 2995-9159-1.
’The~iamp Oscillator assecmbly is on the left. The Microwave cavity contains
the absorption cell, the photodetector, and a Link to feed in the microwave
excitation signal via a codx cable. RF radiation through the apertures of the
light beam is reduced by waveguide-beyond-gutoff sections at both ends of the

cavity. The waveguide section on the right contains the photodetector, the one

on the left (toward the lamp) holds the isotope filter cell., A tip sink, common
to both the filter cell and the absorption cell, controls excess rubidium in
both cells.
A bias-field winding, directly on the cavity, permits fine adjustment
of frequency. |
The cavity assembly is temperature~controlled at 75°C, the tip sink
at 70°C. The cavity assembly contains both the filter cell and absorption cell,
As the isotope filter and the absorption cell opcrate at the same

temperature, it is possible to obtain extremely low temperature coefficients

by adjusting the gas f£illing of the absorption cell to result in a temperatute
coefficient equal and of opposite sign to that of the isotope filter,
~-11
The isotope filter has a temperature coefficient of about -2 x 10 "~/°C.

The temperature coefficient of the absorption cells can be reproduced to better

11

than +1 x 10 ~7/°C from design center, resulting in an overall temperature

coefficient of less than 1 x 10-11/°C in magnitude, The lamp-oscillator assembly
has a temperature coefficient of +l x 10“11/°C.

The thermal losses of the optical padkage (the required heater power)
are a major portion of the totél poﬁer~bﬁdgét. These losses have been minimized

vby use of highly efficient thermal inSulation. The main oven uses "Nopco H402"

urethane foam of low density and the-lémp.oven uses "Emerson & Cuming type FPH"

~urethane foam., The choice of materials is dictated by the operating temperaturés

of the ovens. The 1402 foam has excellent therma1 insu1ating'properties, but its




75°C operating temperature has a larger margin of safety than the lamp oven,

maximum operating temperaﬁure is about 100°C (1ong~te£m exposure), The FPH
foam has higher thermal conductibiﬁy (moxre lossis) but can be operated to

about 150°C, The use of different makerials is therefo;a justified on the

basis of minimum losses consjirtent with the required operating temperature,

The heater windings are bifilar (to reduce magnetic effects) and wound on
anodized aluminum cylinders. This provides electrical insulation between heater
windings and ground in addition to the high huality insulation #n the wire it-
self, for highest reliability.

The bemperature sensors are glass-enclosed thermistor beads attached
to the heater cylinders by means of thermally conductive‘epoxy for a high degree
of coupling between the sensor and the controlled environment,

Considerable thought has been given to potential hazards in case of
failure of a temperature controller. Urethane foams, when exposed to excessive
temperatures, decompose, This results in objectionable fumes and development of’

substantial quantities of gases. As the optical package is hermetically sealed,

fumes are contained. However, should a very large quantity of gas develop; the
pressure could possibly build up to the rupture point of the enclosure. No

completely satisfactory solution has been found to date, The Main-~Oven with its

The available maximum Main-Heater poweér is not enough to heat the foam to the
point where large quantities of gas develop. The Tamp-Oven, however, in case of
controller failure, will cause this condition. The obvious solution is to pro-
vide overtemperature prétection by a secondary control element. A bimetéllic
thermostat was considered first but ruled out because of unpredictable perfor-
mance under vibration (at least for the small size device required), _The decision
was made to instéll a fusible 1ink iﬁ the Lamp-Oven. A device was selected,
designed to operate reliably, under-shock~and vibration. This fusiblé link

failed to disconnect, in one experiment, after exposure to over-temperature due




to solder bridging between the contacts, and the present design omits this
link. 1In view of the possibility of gas deéeloPment, the 0ptiéa1 package
was pressure tested, No deformation was noted at 45 PS1G. It is now felt
that rupture cammot occur, even with failure of all temperature controllers
so that fumes and gases are contained safely.

Magnetic Effects:

The frequency of the rubidium transition is magnetic field dependent
&NE =573 112
where Af is the offset (in Hz) from the undisturbed trangition frequency and H

is the axial field (in Gauss).

Two Mu-metal shields reduce the effects of external fields to a few
parts in 1011 per Gauss, considered consistent with the overall error budget
~ for the SATS. At the cost of additional Weight‘(ffl 1b) a third shield could
make this effect megligible.

The magrietic dependence of the frequency is used to provide a frequency
adjustment of a few parts in 109'by varying the DC current through a bias winding

on the cavity,
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2.1.1 TAMP OSCILLATOR

The light source for the optical pumping is an electrode-
less, gaseous-discharge, bulb containing a small quaﬁtity of
vrubidium isotope 87 and some krypton gas, The discharge is e%cited
by an RF power oscillator running at about 95 MHz, A diagram of
the oscillator is shown in Print 2995-4842-2 DA/1. High-Q and series
'funing provide a high RF voltage across the lamp coil (L101), Under
operating co?dition,'transistor bias is provided through R101l in

series with R104., R104 is selected in test to set the DC current

to approximately 55 mA. To start the lamp, extra bias is applied
through the starter lead,

The entire assembly is temperature-controlled at
approximately 122° C, During warmup of the lamp oven, the gaseous
discharge undergoes a number of mode ;hanges. At low temperature
(room temperature) the vapor pressure of rubidium is very low ahd

the light emission spectrum is essentially that of the krypton gas,

Under normal operating conditions, the spectrum is predominantly

that ofwrubidium, as rubidium has lower ionization potential than

krypton,
Between these two well-defined msdes there exists a
transition phase where rapid oscillations between the twd modes occur,
The location of the lamp oscillator assembly inside the
optical packagevis shown in Print 2995-9159-1, A photograph.of’the

assembly is shown as Figure 7,
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2,).2 PHOTODETECTOR AND PREAMPLIFIER

The photodetector is a silicon photo diode (solar cell) made .
from 1000-ohm material, ‘The high resistivity material was chosen to
obtain low capacitance, Print 2995-9159-2 DD/1 is a diagram of the

preamplifier, The photodetector looks into a low impedance load and the

-voltage across the photodetector is always less than 10 mV, The feed-

back configuration of the monolythic operational amplifier IC-1 is such that
input and output impedanée are low and the transfer function is a trans-
impedance, i.e., assuming infinite open loocp gain for the Cp-Amp, the

transimpedances are determined as follows:

for DC Zp = Ry + R, 3
Rle
for Modulation Signal Doy 52 e
~ © T R3 + R6

the frequency response is shaped by 02 and C4 to provide rolloff for low
frequencies (low DC gain) and for high frequencies (low RF gain).
As the transimpedance for DC is 498 kQ , a DC level of 10 V at the output
terminal of the preamp corresponds to about 20 pA of photocurrvent. The
AC gain can be adjusted by R6 and is set to produce approximately 2.5 mV
rms of fundamental signal for a frequeuncy error of 1 x 10-10. ‘

If the lamp is not started, there is nokphotocurrent and the
DC output level of the preamp is near zero volts, Under proper operating
conditions the level is between 10 and'+20‘v61£s. This DC 1évél shift is
used to activate the lamp starter (sece Sexvo &mp) circuit, ‘

The preamplifier is located béﬁween the inner and outer mu=-

metal shields,

Break-A-Way View 6f Ontical Package

Figure 8 is a bfeak-a»way ﬁhoto of the Optical Package Components,
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2.2 MASTER CRVSTAL OSCILLATOR AWD PHASE-TOCKED-OSCILTATOR
MULATPLIERS

This module assembly, depicted in Print 2995-4848, consists
of tbree sections: (1) the 8,192 MHz (VCXO) Master Crystal Oscillu-
tor, (2) the 61,44 MHz PLOM , and (3) the 14,848 Milz PLOM,

Each of these three submodules is discussed in the balance of
this section of the report.

Photographs of the Master Crystal Oscillator, 61.44 MHz and
14,848 Milz PLOM's are shown as TFigures 10 and 11, Print 2995-4848/2

depicts the physcial locations of the submodules,

2.2.1 8,192 Milz VCXO (MASTER CRYSTAL OSCILLATOR)

A proprietary General Radio 10 MHz Crystal Oscillator
design used as a precision time~base oscillator in electronic counters
served as the basis for this SATS component., A special 8,192 MHz
quartz crystal, zener reference diode and temperature control ther-
mistor are substituted for the equivalent parts of a General Radio
standard unit for this SATS application.

The oscillator circuit is a Colpitt's configuration with ;
a junction field-effect transistor as the active device, Both the
quartz crystal and the oscillator circuit are inside an oven which

is held at constant temperature by an internal proportional-oven

control circuit. A 9-volt zener diode is also in the temperature-
controlled enviropment and is used as the reference for the 20-~volt

power supply regulator, A three-stage buffer amplifier follows the

crystal oscillator and proVides,the output from this unit,

A photograph of the Master Crystal Oscillator, during

assembly, is shown as Figure 9. . v
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2.2.2 61.44 MH% PLOM

Introduction:

The 61.44 Miz PLOM,(Phase~Lacked~Oscillato% Multiplier) performs
two functions: (1) multiplication of 4096 kHz (one~half the 8.192 Miz
input frequency) by a factor of 15 to produce 61.44 Mz drive for the %
Microwave Multiplier~-Mixer; (2) modulation oflthe 61.44 Mz output Lo
provide an error signal for the servo-loop. These two functions are
accomplished as shown in the block diagram of Print 2995-4848-~2DA2/1.

Prequency Multiplication:

A signal at the rubidium hyperfine transition frequency must be

i
i
['2
i
i
i
¢

produced by multiplication and syntheéis of the crystal oscillator output
at 8,192 MHz. The first poftidn of this frequency multiplication is
accomplished by phase~locking a voltage~controlled crystal oscillator

(j- (VCX0) operating at 61.44 MHz to the 15th harmonic of 4096 kHz. A sampling-
type phase detector is used and the phase-iock loop has wide baundwidth
(=5 kHz) as Fequircd for bést spectral purity of the 61.44 MHz output,
The lock range is sufficiently wide (:50 ppm) to maintain lock as the

oscillator free~running frequency changes with temperature, aging, etc.

Frequency Modulation:

Low‘distortion frequency modulation ié an essential requirement
of any rubidium frequency standard. Even-order (2nd, 4th, etc.) harmonic
distortion of the fm applied to the rf which excites the rubidium hyperfine
transition shifts the center of the r»f spectrum causing a frequency offset
from the center of the ;ubidiuﬁ reéqﬁénee; Second ﬁarmonic distortion at

600 Hz must be down abouf 60 dB (0.1%) if the offset is to be }cl‘x 10"11.

.




A phase-lock loop can serve as a low distortion phase modulator,
A triangular wave phase modulation signal injected at the input of the lock,
loop dec amplifier (sec Print 2995-4848-~2DA2/1) will produce square-wave
frequency modulation of the »f output. Furthewmore, the closed loop
provides negative feedback which serves to linearize the frequency versus
control voltage characteristic of the VCXO and thus reduces modulation
distortion. The resulting transfer function of the modulator is the
reciprocal of the phase~detector transfer function. In order to maintain
constant fm deviation it is therefore necessary to keep the rf input to

the phase detector constant and desirable to provide high dc loop gain in

order to minimize changes in the phase detector operating point,

Circuit Description:

" the 14.848 MHz PLOM,

These requirements are met by the circuit shown in Print 2995-4880~2D
and described as follows: , E

(1) Digital Divider (Dual Flip-Flop):

Input from a transformer secondary winding in the 8.192 MHz crystal
oscillator is applied through the R1l, Cl network to the fiwvst flip-flop clock
terminal. This network provides self-bias designed to produce a de level

between the "0O" and "1L" logic thresholds for optimum triggering of the flip-

flop from a sine-wave input signal amplitude of about 3 volts peak to peak.
The 4096 kHz flip~£flop output drives the strobe pulse generator and
the second f£lip-£flop,

Thé 2048 kHz output from thersecond flip~flop is used to drive. -




(2) Strobe Pulse Concrator:

A fast strobe pulse for the sampling phase detector is produced
by a step-recovery diode, CR4, and this portion of the civecuit,
4096 kllz drive from the first £lip-flop is applied through the

CR1, CR2, R2, R3, C3 network to transistor Ql., This network simulates a

- DTL logic interface. UWhen the flip-£flop is in the "0" state (low) Ql is

off and a forward current of 10 mA flows through CR4 as established by

R4 and the CR5 zener voltage. When the flip-flop is triggered to the '1"
state (high) Ql is turned on and diverts the current from CR4. Since the
anode of CR3 goes nearly to ground, CR4 is actually reverse biased. TForward
current will continue to flow through CR4 for a short time, however, until
the charge stored in its depletion region is swept out. The diode then
switches abruptly to the off state, producing a negative pulse of about

7 volts amplitude and 2-ns duration at its anode. Inductor L1 keeps the
current through Ql constant during this interval, preventing the pulse

from being absorbed by Ql, and capacitor C5 couples the pulse to the primary
of Tl. The strobe pulse generator thus produces a pulse with a duration
only a fru:tion of an rf carrier period at 61,44 MHz (16 ns) as required

by the phase detector.

(3) Phase Detector:
The strobe pulse is applied to the 4~diode (CR7-CR10) sampling

phase detector through T1 and capacitors C6. and C7. Diode CR6 clips off

~any undesired positive overshoot on the pulse,

The instantaneous 61.44 MHz signal amplitude is applied through -
the sampling detector to the holding capaéitor 09 during the strobe puisev
interval when the sampling di@deé are turned on. The charging time constant
is sufficiently short to allow C9 to charge gé abé&t 80%vof the ff'amplitude

during a 2-ns strobe pulse,




Reverse bias is applied to the detector diodes to insure the
bridge will not pass rf without the presence of a stweobe pulse. This is
accomplished by the voltage drop across R6 which is about 3 volts.

The holding time constant of the sampling detector is determined
by C9 and RB.(the de amplifier input current is unegligible) and is very

long compared with a 4096 kHz carrier cycle as is desired for high

.
y

;detector efficiency.

The RI, Cl1 network isolates the dc ampl’fier from the phase
detector strobe pulse while C8 and T2 accomplish the same thing for the
crystal oscillator,

(4) DC Amplifier:

The de amplifier is a straightforward application of a monolithic
integrated circuit operational amplifier. The amplifier is operated without
dc feadback since the highest dc loop gain is desirable for modulator stability.
The R11l, Cl4 network together with R10 establishes the ac gain of the
amplifier. The triangular-wave modulation signal is applied through R12
and the fm deviation adjusted with R10.

(5) Crystal Qscillator:

The 61,44 MHz crystal oscillator is a cohfiguratidn with noninverting
gain p?ovided by a grounded~base stage and é positive feedback path f;om the
secondary of transformer 13 through quartz crystal X1 to the emitter of Q2.
Coarse adjustment of oscillator frequency is provided by L3 while the two
series connected variable capacitance diodés, CR1l and CR12, provide voltage

control of frequency over a range of about 100 ppm. Inductor Lz'is used to

tune out the static capacitance of the quartz crystal,

(6) ALC Amplifier:
Constant oscillator output level, required primarily to keep the £m
~deviation constant, is provided by the ALC amplifier, Diode,CR13:detects the

‘rf output level and &lse ALC amplifier varies the oscillator bias as required

‘to maintain constant output level.
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2.2.3 14.848 Mlz PLOM

Introduction

The 14.848 Milz PLOM (Phasc Locked Oscillatoxr Multiplier) accepts an
Input signal at 2048 kHz from the 61.44 MHz PLOM board, divides it by a factor
of four to 512 klz, then multiplics this £requency by 29 to produce a.sigﬁal at
14:848 MHz which drives the i-£ port of the Microwave Multiplier-Mixer. The
frequency multiplication is accomplished by phase locking a voltage-controlled
crystal oscillator (VCX0) operating at 14.848 MHz to the 29th harmonic of
512 kHz. = The crystal oscillator drives a temperature-compensated cascade
amplifier circuit: A variable attenuator network follows the amplifier and
provides an adjustable rf level to the microwave mixer. A block diagram of the
14.848 MHz PIOM is included in Print 2995-4848-2DA3/1.

Circuit Description:

The schematic circuit diagram of the 14.848 MHz PLOM is Print 2995-
4881-~2D/2; the unit operates as follows:

(1) Strobe Pulse Generator:

The dual flip-flop ICL accepts a 2048 kHz TZL square~wave signal

at 512 kHz. This signal is coupled by C2 to the base of Ql, the strobe pulse

generator stage. Transistor Ql is turned on during the positive transistions
of the 512 kHz signal. This produces a current pulse through transformer T1

which turns on diodes CR2 and CR3 for an interval of about 15 ns.

(2) Phase DetecEOﬁ:

RF from the crystal oscillator is coupled through C5 and C6 into
the sampling phase detectér. Buring a strobe pulse the holding capacitor C7 is‘
charged to the instantaneous amplitudefof-the rf"sigﬁal thrdugh CR2 and CR3.

The strobe pulse duration ié.short'compared with the peridd,of the 14,848 Miz
signal, and the C7 charging time.constant'is shorter than the strobe pulse

duration, the conditions required for good detector efficiency. TIn addition, the”




o

C7 holding time constant is long compared with a period of the 512 klz input
frequency. Reverse bias of the scupling diodes is provided by the voltage
drop across R4 to prevent xf feedthirough when no strobe pulse is present.

(3) DC Amplificy:

The dec amplifier cireult is a straightforward application of a
monolythic IC operational amplifier.

(4) Crystal Oscillator:

The 14.848 MHz crystal oscillator is a Colpitt's configuration
with the Q2 stage providing invérting transconductance determined by RL4, with Cl2,
Cl3 and the crystal providing the 180° phase shift required for positive feed-
back, Inductor Ll prevents oscillation at the crystal's fundamental mode,
diode CR5 provides amplitude limiting and variable capacitance diode CR4 permits
voltage control of frequency. Transistor QS is an emitter follower which pro-
vides isolation between the oscillator and pha;e detector.

(5) RF Amplifier:

Transistors Q4 and Q5 form a cascode amplifier which produces an
output of about +12 dBm, Diodes CR6 and CR7 serve to temperature-compensate
the output powex. Resistors R23, R24, and R25 form variable attenuator network

which adjust the signal applied to the 14,848 MHz input of the mixer section of

the Microwave Multiplicr-~Mixer.
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2.3 RF_AMPLIFIER MODULE (2995-4849)

Introduction:

The 61.44 Mz RF Amplifier Module serves to amplify the -10 dBm
output of the 61.44 MHz PLOM, providing a stabilized drive level of +13
dBm to the X111 Microwave Multiplier.

Block Diagram Desqription (See Print 2995-4849-2DA)

The 61.44 MHz RF Amplifier contains two stages, the first a
cascode configuration with voltage variable gain and the second, a
grounded base stage. Both’are tuned to 61.44 MHz with transformer
coupled outputs. The output ievel of the second stage is sensed by an
automatic level control circuit which controls the gain of the first

stage as required to maintain constant output,

Circuit Description (See Print 2995-4849-2D)

The firét stage uses an integrated circuit, ICl consisting of
a differential amplifier and active current source, connected as a
cascode amplifier. The input is applied to the lower base and the output
is taken from the secondary of transformer Tl whose primary resonates
with C2 at 61.44 MHz, The gain of this stdge is controlled by the de
voltagé applied to terminals 5 and 7 which varies the dc operating current.

| The second stage employs Ql as a conventional grbundedébase

tuned amplifier. The output’from the secondary of T2 drives the X111
Microwave Multiplier through the R6, R7, R8 attenuator network

Digde CR1 opérates‘as-a negative peak detector ‘to éeﬁée the butpﬁt
1eve1 at the secondary of T2:..Transistors Q2 and Q3 form-a’dc amplifier
for automatic level control. |

".A'photo of the RF Amplifier is shown as Figure 12,

e
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2.4 MICROWAVE MULUIPLIER-MIXMR MODUTE (2995-4841)

The microwave cavity within the Optical Packapge requives 10-30 ny
of microwave powor at 6,834,688 MHz for oplimum excitation, This signal is ~
obtained by multiplication of the 61.44 MHz from a phasc~loéked oscillatoxr
multiplief "PLOM" to 6,8L19,84 MHz, then mixing with 14.848 MHz. The upper
sideband gives the desired signal.

Davelopment -work agd production of a breadboard model and two deli-~-
verable microyave multiplicr-mixers was subcontracted to Resdel Engineering
Corporation, Arcadia, California. This subcontractor was selected after a
careful survey of all known possible sources on the device. The final mixer
was obtained from Aertech, Sunnyvale, California., Several design iterations
were required,

Figure 13 shows an elementary block diagram of the microwave multi-

plier~ﬁixer assembly, The X111 multiplier is cbtained by first multiplying -

by X3 with conventional tuned circuits, amplifying, then driving a step recovery
diode multiplier for X37. The output power at 6,819.84 MHz is 1 mW, A balanced

mixer is used to give the final output frequency and suppress the carrier signal

by more than 10 dB. The mixer is Aertech Model No. MX8036.

Details of the multiplier are on Resdel Engineering drawing No.21047B,

Some design and construction details ave proprietary to Resdel Engineering.
A photo of this module (using an earlier mixer section) is depicted

x4

as Figure 14,

i e e
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2.5 SERVO AMPLIFIER MODULE 2995-~4846

Intioduction

The primary function of the Sexvo Amplifier is to lock the frequency

of the 8,192 MHz crystal oscillator with respect to the rubidium resonance at

TN e BRNE e e e

6834.688 MHz. This is accomplished by synchronous detector cirecuits which

Yty

process the photodetector signal from the optical package to produce a frequency

control voltage for the Master.Crystal Oscillator.

A secondary function of the Servo_Amplifier is to provide an indi-
cation of the lock-loop condition and, if the system is not locked, to achieve
lock,

The Servo Amplifier also contains circuits for generating the frequency
modulation signal that is applied to the r-f which excites the rubidium hypex-
fine transitions and a cirxcuit for starting the rubidium lamp,

. Block Diagram Description:

The photodetector signal from the optical package is processed as
shown in print 2995-4846/2DA to accomplish these servo amplifier functions.,

The photodetector signal is applied to a cascade drrangement of two
synchronous detectors, the first operating at the second harmoﬁic of the modu-
lation rate and the second at the fundamental rate. The synchronous detectors
compare the phase of their input signals with that of a reference signal, from
a flip-flop, producing a dc output voltage which is proportional to the amplitude
of the particular signal component and the cosine of the phase difference.-

The second harmonic synchronouS'detqctor therefore produces a dc

voltage_proportional to second harmonic signal amplitude. This voltage is -

applied to a threshold circuit which serves to indicate a locked éondition by
detecting the presence of‘secdnd harmonic signal,

The fundamental sYnchronoué detector similariy produces a dckvoitage
dependent on the fundamental signél component, Since the phase of this compoﬂent

is 180° differvent if the r-f excitation is above or below the center of the : % v




I
Y

rubldium resonance theoubput of cthis synchronous detector also reverses, The
phasing of the overall loop is such that the integrator output changes in the
«direction required to bring the oscillaktor to the center of the line, and thus
null the fundamental component., A f£inite amount of fundamental signel (and
therefore an offsel from the center of the line) is nccessary to produce the

voltage required to correct the crystal oscillator frequency. The de¢ gain of

the loop however is extremely high (106) thus reducing a large oscillator fre- ]

*12y ' 1t is the

quency error (1 x 10"6) to negligible proportions (1 x 10
function of the integrator to‘provide most of this high dc gain while shaping
the frequency response of the loop as required for performance and stability.
An additional passive frequency response shaping network follows the integrator, | g
The modulation rate generator and two flip-flops provide the required
reference signals for the two synchronous detectors. A passive RC integrator
following the fundamental f£lip~flop provides the triangular phase modulation

signal required to produce square-wave FM in the 61.44 MHz PLOM.

Figures 15 and 16 show the waveforms present in the cascade detector

of the Servo Amplifier under unlocked conditions when the photodetector signal
has a large fundamental component, and under locked conditions when it consists
of a second harmonic component., The detector logic and various instrument
operating conditions establish the phase relationships as shown.

Figure 15shows that the fundamental signal component undergoes a 90°
phase shift by passing through the second harmonic detector but its information

content is otherwise unaffected. The fundamental synchronous detector converts

the fundamental component into a dc control signal for the frequency lock loop.

Furthermore, the fundamental component does not produce a dc output at the second
harmonic detector.

Figure 16shows that the situdtion is just the reverse for a second

harmonic signal component. The second harmonic detector is the one that produces

a dc output while the fundamental detector does not.
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‘bias to insure that the rubidium lamp is properly lit.

The basic operation of this cascade detector arrangement is therefore
the same as would result if ecach detector procossed the photodetector signal
indepeﬁdently. Tt has the advantage of requiring less hardware and, by shifting
the second harmonic signal ﬁo fourth harmonic ahead of the fundamental detector,
improves the dynamic range of the servo amplifier. The fundamental component
must be detected in the presence of a much larger second harmonic signal which
can be more easily filtered out after conversion to a fourth harmonic rate.

The fundamental synchronous detector and integrator are the most

critical elements of the servo amplifier because dc signal levels in these cir-

RN e & N e LR S

cuits'directly affect the SATS output frequency. Any dc offset will introdgce
a frequency offset and, most important, a change in dc conditions will cause a
frequency change. The sensitivity at this point is such that a 3 mV dc change
would cause a frequency change of about 1 x 10"11. This is the approximate
effect of the servo amplifier on the SATS output frequency over the entire

environmental temperature range.

Initial lock of the frequency control servo is obtained by sweeping

the frequency of the 8.192 MHz crystal oscillator until the rubidium resonance i

is reached. This is accomplished by the search oscillator under control of the
second hérmonic detector signal threshold circuit. It is a squarewave generator
which drives the.integrator through a.resistér, thus producing the desired sweep
voltage for the crystal oscillator. “elay contacts érovide a monitor indication
of lock.

| The lamp starter circuit included on.the servo amplifier assembly senses

the dc voltage from the photodetector preamplifier and.changes the lamp oscillator

Circuit Description (See Print 2995-4846-2D)

The photodetector signal input to the servo amplifier is'appliéd.go

the second harmonic detector, the lamp starter circuit and resistor Rl7,_thé_

light monitor output.




Zenex diode CR2 serves to turn on Q2 if the de output fxrom the photo-
detector proamplifiexr is  low about 7.3 volts. Thus, if the rul idium lamp
lr :
é output is low, additional dc bias current determined by Rl is appiied to the

lamp oscillator circuit to start the lamp and insure it is operating in a mode

with sufficient light output.

The ac photodetector signal is coupled through Cl to Tl which provides

O T e——

bi-phase drive to the second harmonic synchronous detector switches Ql-A and
Ql-B. These are p-channel enhancement mode MOS field-effect tramnsistors which
are turned on and off for alternate half-cycles at the second harmonic rate by

the second-harmonic £1lip-flop, one section of IC3. This configuration forms a

s o

full-wave synchronous detector driving amplifier ICl with a gain established

by the ratio of R6 to Rll(or R2). Capacitor C2 introduces high-frequency

rolloff with a break at about the fourth-harmonic frequency. A dc reference
level of +13 V is provided by R19 and R20 and the detector phasing is such that
(E:: ' the second-harmonic signal lowers the output voltage of ICl as the signal in-
| creases. Resistor R8 drives the signal monitor output while R9 goes to the
signal threshoid detector.

Zener diode CR1 and transistor Q5 form this threshold circuit which
drives Q6 and holds its collector at +20 V unless a signal is present sufficient
to drop the voltage at the second-harmonic detector below about 11 volts. The
switched +20 V buss at the collector of Q6 drives relay K1 (unlock alarm
contacts), the search oscillator, and relay K2 which applies the search
oscillator signal to the servo integrator.‘

The search oscillator is a relaxation oscillator using two 4-layer

diodes Q7 and Q8 and is timed by R13, Rl4, C6 and C7. It drives Ql0, prcducing
, a square-wave voltage at the junction of R15 and R16 which swings symmetrically

above and below the +13-volt reference voltage.

']

AN

After being processed by the second-harmonic detector the photodetector

signal is coupled through Ch to T2 which provides biéphase drive for the funda-

mental detector. It is identical in operation, except that it is driven at the




fundamental rate and the amplifier IC2 is used as an integrator with a time !
constant determined by R10 (or RLL) and C6.
This detector and amplifier are the most critical elements which
determine sexrvo amplifier performance. The MOS FET type is chosen to have
low leakage current. The amplifier must have low input bias current, low
offsecl voltage and offset voltage'temperature cecefficient,
| The circuit eiements RL6, RL7, RI8 and C9 provide shaping of the loop

frequency response as required for stability., Figure 17 shows the Sexvo fre-

quency response.

The search oscillator signal is applied to the integrator through R23,

R22 drives the lock voltage monitor output.

Unijunction transistor Q3 is used as aArelaxation oscillator to
generate a fourth harmonic rate pulse train which drives the 2nd harmonic
reference flip—flopkthrough Q4. The R21, Cl2 network forms a passive integrator
which produces a triangular wave fundamental modulation signal coupled through
C13 to the 61.44 MHz PLOM.

Tigures 18 and 19 are photographs of the Servo Module.
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2.6_JEATER COLYROL, GIRCUTTS FUR_OFTICAL PLCKAGE (2995-4845)

T WX I

Ovens in the Optical Package are used to maintain constant temperature .
of three areas: lauwp, microwave cavity and tip sink for cell tubulations.
Controllers for these ovens are located on the heater control board. The lamp
and microwave cavibty controllers are switching type chosen for high power
efficiency. The tip heater controller is dissipative,

Thermistors, heat-sunk to the ovens, form the sense element for the
controllers. This thermistor forms one arm of a bridge. 'The unbalance voltage

of the bridge is zmplified and used to control the curvent to the heaters.

Rl%{ﬁﬂmmmE%R3 mmmAﬁaV*~*~
e

] Rzg <§> RT

(THERMISTOR)

w!-vi
we iy
e

Figure 20 Bridge and Unbalance Voltage Amplifier

In Figure 20, Rl’ RZ' and R3 are precision resistors with very low
temperature coefficients, The amplifier is 2 monolithic operational amplifier
with gaiu near balance determined by the ratio of R4 to the parallel combination
of Rl and R2 (or‘R3 and RT)' The maximum usable overall gain of the heater
controller is determined by the thermsal design of the oven. Rh is chosen for

maximum stable gain.

- Tip-Heater Controller (Figure 21)
The tip heater current is céntrolled by Q7 acting as a series pass

transistor from the 35-V supply. The tip heater resistance is 1 k@, thus the

S maximum dissipation of Q, is 300 mW: The transistor is rated at l-watt dissipation
b 7 P

in free air at 25°C, The drive for‘Q7 comes from the emitter of Qﬁ through zener




o

Gy

This phase change is accomplished in the drive to the switch,

diode CRye The zener diode provihes a voltage translation to permit Q6 to be
driven from an operational amplifiecr operating near the center of its output
voltage range. R20 is a holdback resistor for Q7. The heater turns on when the
voltage at the base of Q6 ¢acecdsfvz + 2 vBE' This base voltage is determined
by fieedback resistor R39 connected to the low sgide of the tip heater and R1a

coning from the operational amplifier output.

+ 20

+35
TIP
2 O

M
R39
100K

Q7

Figure 21 Tip Heater Controller
The heater turn-on threshold occurs at 6.2 V from IC2. The heater is full on
when this voltage is greater than 13.2 V.

MATN OVEN AND LAMP HEATER CONTROLLER (see Print 2995-4870-2D/2)

Both the main and lamp heater controllers. awve switched at a 20-kHz rate
(nominal). The duty ratio varies proportionally with the required power for each oven.
The power for the main heater and the power for lamp heater after warmup
are such that less than 50% duty ratio is requircd for each even at ~34°C, the
lowest environmental temperature. To reduce ripple current oﬁ the 35-V pOWef

supply the two controllers are designed to operate out of phase with one another,




% f‘}

’ R

+10 volts de. The compaxison is done by Q and Q9 for the main heater and le

Control of the duty ratio is done by cowmparing the de output from the,

bridge amplifier with a 5-volt peak-to-peak, 2U-kHz triangular wave, biased at

and Q13 for the lamp heater.
The main heater is on'when Q9 and QlO are off. This occurs when the

dec voltage from the bridge amplifier is more negative than the triangular wave

voltage. The main heater turns off when the triangular wave voltage becomes §
the more negative. The connections of the thermistor bridge to the amplifier (IC3)

are reversed from those éﬁown in Figure 20 to provide proper phasing of the

controller, |

A

The lamp heater uses the bridge-amplifier connections shown in Figure 20.

“Here the heater comes on when Q,, and Q,, are on. The voltage comparator is
13 14

identical to that used in the main heater controller.
Some details on the cirvcuitry that are not obvious from the schematic
diagram are: |
(1) QT’ QlO’ and Q14 are power CLransistors rated.at 6 A which are selected

for low VCE at lowest operating temperature.

(2) Two diodes in the comparator circuit provide reverse base emitter break-
down protection for the PNP transistors.

(3) The 6-volt power supply is used to drive QiO and Q14 to reduce diSsipation
in drive circuit to switching trai sistors. -

%) Q16 provides protection against overheating in the évent the 20-V -

power supply is shorted or discomnected. (Loss of the 6-V and/or 35~V supbly will
cause all heatexrs to shut off.)
(5) Monitors for the heaters are provided by a 240-k2 resistor to the Sa

collector of each series transistor.




TRIABGULAR WAVE GENERATOR

The triangular wave generator supplies the ramp voltaée to the comparators

in the switching heater regulators. The lincar operating range of the controller
is determined by the range the bridge amplifier can swing between thresholds
where the heater just turns on and where it is full on. This linear range is
equal to the peak~to-peak voltage to which it is compared, i.e., the peak-to-peak
voltage of the triangular wave. Thus the higher the peak-to-peak voltage
of the triangular wave, the larger the linear range of the controller and the
lower the overall gain of the controller. Thus the amplitude of the triangular
wave determines the gain of the controller,

N The triangular wave is generated by integrating a square wave with
ICl. The peak-to-peak triangular wave amplitude is controlled by comparing
with a square wave ﬁith well defined on and off levels. The differential amplifier
compares V

with the voltage at the collector °fQ¢ Yhen V is greater

triangle
than the voltage at the base of Q2, Q1 is on, Q2 off which holds Q4 off., With Q,+

triangle

off thé’voltage at input to integrator is 14.75 V. This causes the integrator
output to decrease. When it reaches the voltage now at the base of Q2 (7.5 V), Q,
turns on, QA turns on, Q5 turns on and the voltage to the input to the integrator
jumps to 4.75 V. This‘nQW‘causes}the integrator output to increase, This will
increase until it reaéhes the new voltage at the‘base of Q2 (12.5 V)., At this time
Q1 turns on,'Q2 off, QA off,‘Q5 off and vbltgge into integrator is agaiﬁ 14,75 V.
Thus the triangular wave vegltage can vﬁry bétween 7.5V and 12.5 V dc

as determined by the two possible states for the voltage at the base of Q. -

——————

RC
the peak-to-peak output voltage swing and the difference between the 9-volt

The period is determined by the gain of the integrator, (50, 000),

reference and the amplitude of the square wave being integrated.

T = 2 Pout = 50 ms_

(}/RC)Ein




* ¥

Variations in the period do nct affect the temperature in the ovens, oniy the
(~ switching rate.

A photograph of the lleater Control Module is shown As Figure 22.
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2.7 Magnetic Bias Module (2995-4850)

Fine frequency adjustment is accomplished by varying the magnetic
field surrounding the microwave cavity, The frequency shifit with magnetic
field is 4574 Hz hertz at the microwave frequency where H is the strength
nagnetic field in gauss. The field bias is obtained from the regulated
ZO'V power supply using the circuit shown in print 2995-4850/2.Coarse
adjustment is made by selecting Rl which sets the frequency at low end of

the adjustment vange, Adjusting R3 performs the fine frequency adjustment,

This is a 20-turn potentiometer accessible by a screwdriver through a hole

in the SATS side cover,

Total frequency adjustment range is approximately 1 x 10-9. The

use of R3 as a potentiometer rather than as series resistor to the 20-V

supply provides first-order temperature compensation for changes of resistance
4

of R,, Both R

3 1 and R2 are very low temperature coefficient resistors.
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2.8 POWER SUPPLY (2995-4840)

The power supply for the SATS converts the input supply woltage of 22
to 34 volts de to four outputs for electronic circuits and heaterxs. The output
voltages and their uses are:

(1) +5.4 V: Digital circuits of clock; some output buffers.

(25 +6.0 V: Output buffers and drive to heater-switching transistors.

(3) 20 V Regulated: All other electronics and heater for Master

Crystal Oscillator.

(4) +35 V: Heaters for Optical Package.

Complete specifications for the Power Supply are in Print 2995-4840-1/1.
The power supply breadboard development and the deliverable production units were
subcontracted to Gulton Industries, Inc., Hawthorne, California.

Figure 23 shows the block diagram of the power supply. The input is
preceded by a series diode for reverse input voltage protection. The limit control
regulatbr produces 19.6 V into the power converter. Rectifier and filters produce
the outputs for 5.4-V, 6.0-V, and 35-V supplies. The 20-V supply contains a series
regulator. The reference voltage for the regulator is a 9.0-V Zener diode located
within the Master Crystal Oscillator oven. This.permits excellent voltage stability
over the environmental temperaﬁure range for all the electronic circuits using the
20-volt supply. Electronic short-circuit protection is provided for the 20-V and
35-V supplies. The 5.4-V and 6.0-V supplies are protected by fuses. Details of
the circuit design afe proprietary to Gulton Industries. -

The two production units delivered by the ;ubcont:actor aéhieved‘greatef
than 79% efficiency at fullkload over the entire temperature range. The voltage
change in the ?O-V supply was less than 15 mV for combiﬁed effects of input
voltage and temperature. Feedback rippleacurreﬁt is less than 60 mA under 311 
conditions and tjpically less éhan 20 mA. Noise and ripple on the outputs were

well within the desired specifications. Figuré 24 is a photograph of the unit.
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2.9.1 THUTRODUCTION

General Radio left the logic design of the clock virtually unaltexed
from the orxiginal Varian design., Some consolidation of digital devices to
reduce package count was done and a neﬁ quad PNP transistor was obtained for
the output buffers,

Trouble had consistently been experienced in the clock ssiting system
as it was originally designed for Varian and provided by Varian to Houston. Aftex
R. W. Frank's évaluation of June 4, 1968, a new setting logic was developed,
dasigned into the GR clock, and data was transmitted to Houston on December 24, 1968
to permit them to add the setting logic to their test equipment, The balance of
this section will describe the functioniag of the clock circuits based on the
several schematics in sufficient detail to render possible both understanding and

maintenance., Figures 25-27 show the final construction techniques used,

2.9.2 GENERAL DESCRIPTION, BASIC BLOCK DIAGRAM
The block diagram 2995-9159~2DC shows the clock in its entirety., The
dotted lines segregate this general block diagram as a key to the seven detailed

schematic diagrams. The clock is driven (2995-4878-2D) from the RFS crystal

"oscillator at 8192 kHz, Four binary dividers produce output frequeﬁcies at 4096,

2098, 1024, and 512 kHz, The 512-kHz signal is subsequently divided by a factor of
8 to 64 kHz and the 64 kHz is divided by a factor of 10 and buffered to produce
the required 6.4 kHz output signal, The 512-kHz signal is also divided by a

factor of 2 to produce a separate 256-kHz signal in phase quadrature with the

256~kHz signal driving the scale of 8. The 64-kilz signal, in addition to driving

the scale-o0f-10, is fifst divided by a factor of 2 to produce a 32-kHz signal and




A2

subgsequently by anothex factor of 2 to produce the 16~kllz signal. The l6~kHzesignal §
is divided by 16 to provide the basic 1 kilz which is used to drive the balance of the
clock circuits and which is buffered to produce the output 1 klz,

The 512 kliz, quadrature 256 signal, and 32-Kkilz signals are combined to
form a rate multiplied 800-kHz signal on the clock civeuit 1 boaxd (2995-4879-2D),
The 800~kHz signal is returned to the clock 2 board for division by 2 to produce
400 kHz, The 400-kHz signal is filtered to remove the combining frequency sidebands
on the clock circuit 1 board and this signal is subsequently divided by 4 and
buffered to provide the 100~kHz output signal, A scale of 10 shift counter divides
the l-klz signal to a 100~Hz signal as showym on 2995-4879-2D., Gates associaéed
with this shift counter prodﬁce the EEE, 4S5 and MS8 signals necessary for the
IRIG B time code foxmat. The 100~Hz signal, the MS8 signal, and the MS5 signal,
are all sent to the clock 3 board (2995-4877-2D) where two additional scales of
10 produce the 1-Hz and 1-HZ reference signals, The output of these two decadgs
is further decoded to produge signals required for both IRIG B and IRIG E time
code generators, .

The 1-Hz signal and those signals necessary for the clock setting system

are combined in the setting logic on clock circuit 4 (2995-4876~2D) to drive the

" decades and scales of 6 providing seconds timing and minutes timing,

Schematic cireuit 5 (2995-4873-2D) contains the second block of setting
logic and the scale of 24 to produce hours data and the two scales of 10 and the
scale of 4 for days informatioh. This circuit system in addition compfises the
necessary logic to permit resetting the clock to 0 after either 365 or 366 days

to provide for leap yeax. Again, the output of the scalers is provided in the

proper logic sequence to permit connection to the two IRIG time code generators.




Schematics 6 and 7 (2995-4873-2D and 2995-4875-2D) detail the TIRIG B

and IRLG E time code generatoxr combining cixcuits and their buffers.

2,9.3 DETATLED DESCRIPTION, HYGH-~FREQUENCY DIVIDERS TO 64 klz

Clock circuit 2 (2995-4878-2D) shows the 8192-kHz signal reduced to
4096 kilz, 2048 kHz, 1024 kHz, and 512 kHz by TCl5A, 15B, IClA and 1B, respectively.
Thése signals are inverted and buffered by ICL06. The Q outprt of LCLB clocks
the 256-kHz quadrature f£lip-flop (7CL04B) and produces the 512-~kHz signal fox the
800-kHz rate multipliex shown on schematic 1 (2995-4879-2D). The Q output of
ICLB provides the driving sipnal for IC2, 3A, and 3B, the 64 klz divider. The
divider clear signal CLDIV xesets all £lip~£flops except the 8192 to 2048 dividers,
The 64~kHz signal at the output of IC3B is divided by 10 by the four £lip~flops
1C7, IC8A, LC8B, and IC9., The 6.4-kiz signal is buffered in ICL07 to produce the
required output signal., XC4A divides the 6li~kllz signal by 2 producing 32 kHz
for the rate multiplier, which signal, in turn, drives IC4B to produce 16 kHz.

The 16-kHz signal is divided by 4 in IC5 and by 4 again in IC6 to produce 1 kHz.

L

This l-kHz signal is buffered in TCLO8 to produce the required output signal.

2.9.4 100 kiz SYNTHESIZER

The waveforms of the 512 kHlz, 256-~kHz quadrature signal aﬁd the 32-kHz
sigunal are combined in ICl19 and its following adders on drauving 2995-4879-2D
to produce a train of pesitive-going pulses at an éverage rate of 800 kHz at the
output: of ICLl20. TFor timing, see Figure 28, The resﬁlting 800-kHz signal is
reﬁurned to the circuit 2 board (2995-4878-2D) for division by 2 to 400 kHz in -
TICL04A and the resulting 400-kHz signal is returned for filtering to the clock
circuit 1 board. The filtex is comprised of the,thrée field—effect tranéistors,r

Q101 through QL03,
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Thirty~two kilohexrtz sidcbands on the 400-kHz signal are reduced to at
least 30 dB below the 400-klz signal by two successive synchionously tuned FET -
stages, QlOL, Q102, The output 400-kHz signal is buffercd by QLl03 and returned
to the elock circuit 2 board to drive a scale-of-4, IC105. The L0O-kiz signal

from ICLO5 is buffered for output in ICL07.

2.5.5 DIVIDERS AND TIME CODﬁ PULSE GENERATORS TROM 1 kHz TO 1 s

The 1-klz signal on clock circuit 2 (29?5-4878u2D) is inverted at IC10
and used to drive. the first modulo‘lO shift countexr comprised of ICll, ICl2A,
JCL2B, IC13A, and ICL3B. The 5 output: of ICL3B directly produces the 100-Hz
signal fed to the second moduls 10 shift counter om clock circuit 3 (2995-4877-2D).
The MS8, MS5 and MS2 signals are produced by combining the waveforms of this shift
counter. Timing sequences are shown in Figure 29,

On clock circuit 3 (2995-4877-2D), we begin with the 100-Hz signal which
is buffered and inverted at ILCl8 and fed to the second modulo 10 shift counter.
This counter produces the 10-Hz output signals. The outputs of this shift counter
will combine to produce the 100 pulse per second basic rate for IRIG B, and the
20-, 50~ and 80-ms output required for the IRIG E time code.

The POSIDB signal for the IRIG B time code is produced as shown in
Figure 30 by combination of the A, %, and SEC 0.0 signais in the first "AND" gate
of IC28, This signal is combinéd with SEC 0.09 and finally the composite signal
is given the proper 8-ms duration by MS8 at pins 4, 5 of IC23.
| The "beginning~ofuseqond“ pulse SEC OlO is high for the first full
tenth of a éecond. E and A are only high for the first one hundredﬁﬁ second,

Thus, pin 8 of IC23 is low for this first hundredth, Pins 2, 13 are normally

high. Thus the "first hundredth” will produce an output 1 (positive) signal at
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é“ ping 12, 4 of IC23 during the "Efirst hundredth"s~and the 0.09 during every interval
from 90 to 100 ms, 1C23 therefore produces an output signal at pin 6 lasting fox

8 ms, both at the beginning of each second, and every tenth-sccond f£rom 90 to 98 ms--~

as required for the IRIG B format.

The fixrst 842 decade reduces the 10-Hz signal to the 1-Hz sigunal and o

its complement, Flip-flop IC35 is set to produce the 1~Hz and 1-Hz signals from
the input 10-Hz clock and the logic states of the decade, Tne output of the
decade is decoded in TC28 through IC34 to produce the seconds 0.0 through 0.8
signals required by thg time code gencrators, The SEC 0.9 signal at the output
of IC31l and the negative signal produced at ecither the SEC 0 oxr SEC 0.0 are
combined in LC31l to produce an output signal for IC32 which is subgequently
combined Zu Loz srith MS580 to produce the seconds marker'signal, POSIDE for the
IRIG E time code generator. These timing sequences and polarities are shoym in

( the timing diagram of Figure 31 and the logic is exactly analogous with that just

deseribed above for creating POSIDB.

2.9,6 DIVIDERS, 1 s AND 366 DAYS

S =t

The seconds and minutes divider chain and theixr output buffers are shown

-y

on the clock circuit 4 schematic (2995-4876-2D). The 8421 decade divides units

to tens of seconds. This schematic begins with the first block of clock setting

gates (Section 1.9). 1In the normal operxation of the clock, the 1l-Hz input signal

is inverted by IC39 and passed to the decade. INHIB is normally high. The 16-kHz

B W

updating signal is blocked at IC39 because FASTCL is normally high. The seconds

and all subsequent scalers are set to 0 by bringing CLACC low,

St bl e PR
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The first decade provides scconds data for the time code ganervators.
The sequential signals, spaced L sccond apart for IRIG E, sceconds 0 through

»

seconds 4, are provided by combining the decade ocubtput states in IC's 40 through ?%

42, Straight binary data 8EC Bl through B8 and SEC BL through B8 are provided
dixectly from the JC's of the decade.

The divide by 6, producing tens of scconds is comprised of IC's 44 g

through 46, This scaler produces the signals SEC 10, 20, 40 and SEC 10, 20, 40.

The complement outputs arxe buffercd for direct output and the direct signals are

RN

sent to the time code generators on circuits 6 and 7. In an exactly analogous
system, the signal once per minute at the output of IC46 is divided in a decade
and a scale of 6 to a signal at once per hour. The units of minutes and tens of
minutes and their output complements are produced in LC47A through IC52, buflfered ,
for output and passed to the time code generator in a fashion exactly analogous

to the seconds data above.

The hours and days scalers and their buffers are shewn on clock circuit
schematic 5 (2995-4873-2D)., The hours scalers are shown preceded by the second
block of ﬁast update logic comprised of IC's 67 and 68. Normally, the MIN40
signal is passed by IC67, The balance of the update logic will be described in
section 2.9.9.

The timing secquence for the 24-~houx scaler is shown in Flgure 32, This
scaler is comprised of IC's 53 through 58 and the associated gates of 1068, The
timing and gating sequence is complex and will consequently be described in

detail following the timing diagram. Initially, all of the flip-flops are in the

-

Q state (texrminal 9 high). The £lip~flops clock on megative input transitions.

1053, the "houxs" f£lip-flop, complements normally and continuously. IC54 is

L3

permitted to complement normally only so long as IC56 has terminal 9 high. It
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will, tlicrefore, be inhibited v aﬁ the HRS8 ds high, IC55 is permitted Lo
complement except when HRS20 is high (XC58 in the Q state). Under these
clreumstances, IC's 53 through 56 operate as a normal scaler for HRS1 through
HRS8. IC56 is in the Q state and IC54 is therefoxe inmhibited at 10 hours. At
the tenth hour, the Q to Q tramsition of IC53 will clock IC56 from Q to Q and
the positive tramsition at pin 9 of IC56 will pass IC68, be inverted to a negative
transition, and move 7C57 to its Q state. Since IC56 is now in 5, the inhibit ié
removed at pin 13 of 1IC54 and IC54 is‘again free to complement, IC54 complements
at hours 12 and 14 and the transition from Q to Q at hour 14 again carries to LC55,
At hour 18, the Q to Q txansition of IC54 carries IC55 Q to 6 and again setslICSS,
which, in turn, veapplies the inhibit to TC54 and at the same time produces a
carry through IC68 to ICS57 moving it from its Q to its Q state and carries to the
HRS20 flip~flop. The HRS20 f£lip-flop now applies its inhibit to LC57, which will
hold it at its oviginal Q state and to IC55 which will hold it at its Q state, At
the same tiﬁe, the HRS20 signal at pin 6 of JC58 enables pin_4 of IC68., Now, |
finally, at the 24th hour LC54 in making its transition fyxom Q to Q will bring
pin 5 of IC65 low, pin 6 of ICH8 will go high, pin 8 low, and IC58 will be returned
to the Q state. All IG's have now returned to the Q state and the process is ready
to wepeai.,

The negative transition of the HRS20 line occurrxing at the 24th hour is
applied to the days scaler. Days and tens of days are accumulated in two 8421
decades comprised of IC's 59 through 64, The output of the tens of days scaler
is accumulated in a scale of 4 comprised of IC65. The dgys clock is reset to 0
at: the end of day 264 ox at the end of day 365, to allow for leap year. Let us
assume that the clock is to aécumulate fof a nowmal year, IC66 will be set by

the F8365 signal to the Q state, Pin 1 of I069 will be high. The Q signai from

3
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TCG6 at pin 13 of TC69 holds pin 11 high. Therefore, IC69 pin 8 will he high or

it i

low depending upon the state of the DAYSL sipnal, going high at day 1, 11, ete.

The outpult of TCG9 at pin 8 is applied at TC70 which has its "extender" terminals H

at pins 3 through 1l connected so that it makes a 6 high "AWD" gate combining

DAYS1 with DAYS4, 20, 40, 100, and 200, Therefore, at day 365, all inputs go
high and the days full scale reset line goes low, This signal applies a set at

pin 11 of ICL2l, 1IC12L's Q signal now goes low and the output of IC68 at pin 3

becomes high, is inverted to-IC69, to produce a clear signal resetting all of the
days scalers., Note that pin 2 of 1C63 is nmormally high, Therefore, EEZEE will
normally pass TC68 and be inverted by IC69 Lo produce the standard clear signal.
The end-of-year clear signal produced by TCl121l is terminated by the next negative
transition of 16 kHz, The sequence at leap year is identical in pxinciple to

that just described. ¥Flip-£lop 1C66 is set to the 6 state rathex than the Q state
by FS366 and the DAYS2 signal in going high at pin 12 of IC69 initiates the clear

sequence, ' -

2.9.,7 TRIG B TIME CODE GENERATOR é
The combining gates and buffexrs of the IRIG B time code generaCQr are M
shown on clock circuit 6 (2995-4875-2D). The logic may be best understood by
beginning at the output, It is suggested that the reader refer frequently to the
standard IRIG B time code f&rmat {(Figure 33)) and to Figure 30. The IRIG B signal

at 1C116 pin 7 is a positive~going waveform. The output at pin 2 of IC86 must

therefore also be positive going. The input at'pins 4, 5, and 6 of IC58 will
normally be high.. Tts output at pin 2 will therefore go high when ény one of the
input pins are low., A 2-ms outpui pulse train at the 100«pps basic rate is
%herefore produced by ﬁgi.k These 2~ms duration pulses serve as sync and tﬁe

basic binary O information for the code. Refer now to Figure 30, The normal
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IRIG TIME CODE FORMATS

1000-PPS, 34-BIT BCD TIME-OF-YEAR/17-BIT BINARY TIME-OF-D/«\Y CODE
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STRAIGHT BINARY SECONDS

TIME AT POINT A = 21:18:42 + .7 + ,05 - 2} HRS, 18 MIN, 42.75 SEC. ON DAY 173

FORMAT E ,
10-PPS, 26-BIT BCD TIME-OF-YEAR CODE
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IRIGE 80 ms 500 .ms 20 ms
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"PY marker pulse is preduced by TOSIDE between .09 and ,098 s, Lthe second 0
marker is added to this sipgnal by ccubining the SEC 0.0 at pin 10 of IC23 on
clock circuit 3 schematic (2995-4877-2D).

The time code binary 1 data in the IRIG B format has a duration of 5 ms.

Wote on Figure 30 that the SEC 0.00, SEC 0,01, etec., signals are produced with
s~ms duration. These signals are inverted by IC1l02 and ICl03 and are positive
goiﬁg.

Now that the basic sync format has been developed, let us study the
logic of adding data to the siénal. A data "ONE" is represented by broadening
a basic 2-ms sync pulse to 5 ms. The pulses at the massive "OR" arxe low for this
duration., In IRIG B forxmat the data is carried by pulses 0,00 through 0,08
(inputs to inverters ICLO2 and XCL03). These signals have 5-ms duration. Now
in the f£igst tenth second (SEC 0.0), the seconds data are transmitied. 'IC71, 72,
73 and 74 are enabled'by SEC 0.0 for this data block. WNote that inm this first
block, the 5-ms pulse SEC 0,00 is not used due to the presence of the "on time"
frame~sync pulse. Let us suppose that the time at the beginning of the example

is 37 seconds, The data will be SEC Bl, SEC B2 high, SEC B4 high (7 seconds) and

'SEC 10, SEC 20 high (30 seconds). After the fraw . marker, 5-ms duration pulses

will appear, sequentially, as a low voltage at the output "OR" on the first,

" second, and third pulses representing units., Note that the fifth pulse (SEC 0,05)

is never used in this block, Now the tens of seconds are next encoded as 5-ms
duratibn pulses at positions 6 and 7 vepresenting 30. The second tenth-second
time block f£rom 0.2 to 0.3 second carvies information about minutes. Here, the
fifth pulse (SEC 0,05) is used to carxy teﬁs of minutes., The time from 0.0G to
0.01 carries units of miﬁutes. (IC74 pims 11, 12, 13, TFrom 0,0lto 0.02 two's
minutes, etc.) Ip this time block, units and minutes data is separated from 10's

minutes by the sync pulse at 0,04 second which is mnever used,




2,9.8 IRIG E T8 CODE GERNERATOR

géﬂi The YRIG E time code generator is similar to that for the IRIG B format

e J;:ﬁ:%tﬂ‘w,‘,.,mawm... s

ﬂm.ﬂmwm,amm‘ st
& T . (.4». e . B

just described except that in this format the bit rate is 10 pulses per second,

the "binarj 0" is 20 ms in duxation and a "1" bit has a duvation of 50 ms, The

SEGS 0.0 through 0.8 signals are not formed Lo a 50-ms duration in a fashion parallel
to phat of the TRIG B generatox, The bit duratioﬁ of 50 ms is supplied to the

input of ICLOO0 at pin 11 by 1550, Time of day data information at the massive

'OR" input of LCl00 will be represented as a negative signal. Positive output of
iCLO0 will combine with MS50 to produce a 50-ms negative output at pin 9 of ICL00,
Any negative input at 4, 5, or 6 of ICLOl will produce a positive output at pin 2

and will be inverted to produce IRIG E at pin 2, The normal 10 pulse per second

20 ms duration, sync signal is produced at pin 5 of ICLOL by MS20 and the l~second

! frame sync signal POSIDE at pin 6 is produced in a method analogous to that of

( POSIDB as shown in Figure 31,

\ | vReferring now to the format E time céde diagram of Figure 33, let us
study the applicat@on of data to‘the basic sync formalt just developed. Remember
the basic sync frame lasts ten seconds, Units of seconds is therefore carried by
sync. Let us assume, as with the past example that it is 30 seconds past something.
Tens of seconds and twenties of seconds are again high, The first data block
(SEC 0.1 SEC 1) cdﬁtains only 10, 20, 40 SEC at SEC 6.6, 0.7, 0.8, ;e5pective1y.
Thus, in this block the massive "OR" goesfnegative at the sixth and seventh pulge,
Thie second block, SEC 1-2 carries minutes data, SEC 0.0, MIN 1, SEC 0.1 carries MIN 2,
etc. Note fhat the fourth pulse is never modulated but is used as a separator,

SEC 0.5 in this frame carries tens of minutes information, SEC 0.6, 20's, etc.

The reader may now carry on the example as desired,

=




™

2.9.9 ¥AST UFDATE CLOCK SEITIHG SYSTEM

As we have previously mentioned in the Introduction, principles in the
original Varian prototype led, in late 1968, to a redesign of the clock seéting
logic. In the original design, the entire time of day clock from units of scconds
onvard was updated by slewing at the 100-kllz rate requiring a time as long as
6 minutes to fully set the clock; The new clock setting logic permits a fast
update in less than 1 sccond'by separating the clock into two counting blocks.
The first from seconds to hours and the second from hours into the days to 365,

A block diagram of the clock setting logic external to SATS is shown in

Tigure 34, Timing is shown in Figure 35, The sequence is initiated by a SEI'/SYNC

command (the accumulator clear CLACC is optional). Such a command can only be
given by moving the LOCK/READY switch to "READY"‘to bring pin 13 of gate 5 high,
The LOCK/READY switch must be placed in the "READY" position to begin the update

sequence with the SET/SYNC switch. LOCK will then go high to permit CLDIV and

INHIB to go low at the appropriate times.

Let us now suppose that the LOCK/READY switch has been moved to "READY"
and the SET/SYNC switch is set to SYNC. At this time ICL will set to Q, enabling
‘the "J" input of flip~flop IC2, which will go to Q on the next positive transition

of the master clock's 1-Hz signal, The negative txansition at pin 9 of IC2 will

trigger monostable multivibrators IC3 and IC4., Since pin 2 of gate 2 is already

high due to the READY signal, CLDIV will go low setting all dividers up to 1

second to proper states for clock synchronization. This signal also resets ICl
and IC2 to their § states, IC4 generates a time interval of approximately 0.7
seconds (it must be over 0.6 second in duration) which, inverted at'pin 6 of

gate 2, nroduces the negative inhibit signal st0ppingfthé normal l-second and

l-hour carries to the accumulators.
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As stated in the last paragraph, monostable multivibirator IC3 producing
the nominal "4-ps" GLDLV signal holds all dividexrs in their "eleared" states. This
éleared state is not all zewvoes. HNote that, on clock schematic 2 (2995-4378-2D) i
ICIA, IC1B and JXC2 are held in theixr Q states by the CLDIV signal, MNote also that £
the carries from IC3A and IC3B come from thcir'a sides rather than the usual Q
side, With this arrangement, the first input pulse of 2048 kliz from ICL5B wiil
Lmmediately change the states of LC3A through IC3B and igsue a carvy pulse to

' LCLAA.  TE these f£lip-£lops had been wired for normal dividers, then very nearly
15 s would have e%apsed before a carry was produced for ICLA.

The SATS clock, in the absence of £lip-flop time delays, would be fast

by 11 ps if the CLDIV has a duration of 4 ms. Allowing a propagation delay of i

EE
it
iy
i1
i
i
I

0.1 ds pexr £lip~flop from IC4A on to the 1-Hz ontput pulse, an additional delay

of 2 W1s may be expected, Theoretically, therefore, if the CLDLV pulse is 4 us

{:1 then the SATS should, as now instrumented, be sct about 9 ps fast. CLDLV should
be increased in duration to permit proper, exact setting,

When the inhibit ocutput at pin 8 of IC4 is high and RECOG lines are

low, FASTCL and FASTC2 go low, These signals are applied to the two update
logic systems in the SATS. Let us go to the L1-Hz input system on clock cireuit &4

(2995-4876-2D) . FASTCL going low at 12 of IC43 enables TIC39 and the 16~kHz signal

is passed., The seconds, minutes, decades now rapidly slew until a time is reached

which is the same as that of the master clock. When recognition is rececived,

RECOG goes high and TASTCL returns positive. The hours, days block operates

iadependently in exactly the same fashion, - -
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3:  MECHANLCAL DESICN AND PACKAGING o

3.1 ntroduction

In addition to developing a design of the Enginecring Models
capable of meeting the environmental requiremenits for Manned Space Flight,
additional packaging goals were scet for Part II of the contract. These were
reduced size and weight. The construction methods to achieve, and in fact

3

exceed, most of these goals, are discuseed in the balance of this secction,

3.2 Quter Case Assembly

The outer case of the SATS is a bullt-up assembly fabricaced from

6061 Aluminum and dip-brazed. This construction technique provides high strength

ey s ey et o

with the use of thin sections, The dip-brazing technique further provides air-
tight joints at the many metal interfaces. The assembly is heat treated (to T4),
selectively nickel plated (Zox soldering of hermetic connectors), then chromate
conversion coated.

i

3.3 Optical Package Assembly

One end of the SATS case contains the Optical Package which is herme~

SRR T

tically sealed. Hermetic covers, manufactured by Parker Seal Company, are held
by screws at each end of the optical package. One end cover is visible in the
assembled SATS; one is within the compartment containing the electronics modules.
These seals use the '"Gask-0-Seal" technique familiar in other NASA applibations.

Leakage is expected to be approximately 23 cubic centimeters per year for the

two bulkhead gaskets, and about 10 cubic centimeters a year Ffor the two hermetic

connectors between the Optical Package and.module compartment. These rates are

based on a pres;ure differential of o’ne‘atm,oslahere°

Pressure tests were conducted on the emplky Optical Paékage,compartment
to 45psig, with no épparent deformation of the side walls. Pressure was applied
internally. As finally aésembled, further stiffening contributes furthex t@ the

stiffness of the assembly.




Con

Ofill.

The Optical Package assembly is foamed in place using NOPCO 11-402,

This foam is uscd primarily for its low thermal conduetivity. The spaces
‘between the cavity and the inner shield, plus those between the oven assembly
and the inner shield are filled with Dow Corming '"Sylgard" 188 poLting resin.
This material is a low-durometer shock-absorbing solventless silicone resin.

It has low adhesive ability, good damping qualitics, and repairvability. Physical
and electrical characteristics are very stable over the fequired temperature

and humidity range.

Within the Optical fackage assembly is the Lamp Oven Assembly, em-
bedded in Fmerson’'and Cuming FPH "Eccofoam." The FPH has higher thermal con-
ductivity but is used for its higher' temperature suitability in the lamp assembly
over the NOPCO H~402,

3.4 Module Layout and Construcltion

The final module layout was developed with consideration of the
weight and volume goals, intermodule relationships and signal flow.

Each individual module ié housed in a thin aluminum dipubrazed can.,
Fach can has stainless steel threaded inserts for later attachment to the SATS
case,

After componeﬁt attachment to the module boawds, the modules are hard
interwired before individual potting, again using Sylgard 188.

‘The hard wired array is then installed in the SATS case and :final
wiring completed., After checkout, the case jis level filled to the access door

with Sylgard 188, and the side plate attached.

3.5 Individual Module Construction

A typidal'module contains one or more etched circuit caxds With‘solder
terminals at one end. The etched boards are jigged in place prior to the Sylgard
The Power Supply module is designed as one end of the SATS outer case

and is installed at the time of the other electronics modules, prior to overall

I
i
2
L
4

Syt a ettt
o




resin filling of the SATS case,

3,6 PFzternal Conneclions

ALl input and outpul connections axe brought out on the top face
of the outer case; this face also carries the identifiication legends, TFactory
adjustment holes are present on the top, bottom and sides of the outer case,

3.7 Mounting of the Complete SATS

The main SATS case is normally mounted for test and use by 28 screws

in the side flanges,

3.8 Attained Mechanical Performance

Work statement goals for weight and volume were 25 1lhs and 600 cubic
inches, respectively. The final package weighed 18.5 1lbs and occupied 441.4
cubic inches, plus mounting flanges. The attained volume including the mounting

flanges was 551.8 cubic inches.
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4,0, T DATA

Typical data are presented to demonstrate the performance of the SALS
designed under Part TL of this contract.

4.1 FREQUENCY VERSUS CASE TRMPERATURE

Fizure 4.1 shews the temperature dependence of the frequency of the
SATS., TFreguency was determined by averaging 10 consecutive 100~second measure-
meats. A Cesium Beam Séandaxd’was the reference. The crror limits shown indi-
’cata the yeproducibility limits of the measurcement. TFor this measurement, the
SATS was placed inside a test chamber with fast air circulation in a normal
operating position., WNo heat sink was used and the case tempewatuve, measured
by a thermocouple attached to Lhe mounting flange, was only about 1-2°C highex
than the ailr temperature. |

The total frequency change from -35°C to +61°C case temperature is

1

, -1 . s
less than 7 x 10 77, taking the worst case error Llimits.

4,2 TREQUENCY VERSUS SUPPLY VOLTAGH

Tigure 4.2 shows the effect on the SATS firequency when the input voltage
is varied., Each point shown was the average of 10 consecutive 10-second reading.
The reference was a Cesium Bean Standard, Erxror limits are indicated. While the
araph drawn shows a small frequemey change over the input voltage range, its
significance is questionable as a straight line could be drawn within the errox
Limits of each point. The worst case indicates about 4 x 10”11 for input voltages

from 22 to 34 volts.,

4.3  SHORT-TERM STABILILY VERSUS TEMPERATURE

! For the measurement of showt-term stability with l-second averaging

time the Cesium Beam Standard was replaced by a 5 MHz, precision crystal

g




-

oscillator (General Radio 1115-DX) as the Ll-second stability of the Cesium Beam
Standard is not satisfactony. HNo significant vaviation of short-term stability

is observed over the full temperature range.

4.4 _SHORT~TERM STABILITY (MISCELLANEOUS DATA)

Figure 4.4.1 shows the results of measurements of frequency deviation

for averaging times from 0.1 second to 10 seconds. The reference standard is 4
5 MUz, precision, crystal oscillator (General Radio 1115-BX). Tor these measure-
ment:s the digital circuityy of the SATS was disabled to measure the performance

of the rubidium frequency standard part of the SATS. The frequency deviation

.
1ee

r

5.8 % 10"11 rms for

1.7 x 10-11 yms for
5.4 % 10~12 y;s for
1

V=
operation. The contributions of the measuring system (including the reference

i

0.1 second

1 second

el =
It

3

10 seconds

These data are consistent with a -

behavior, predicted by the theoxry of

standard) are also shown. Figure 4.4.3 is a block diagram of this system.

Figure 4.4.2 shows the measured frequency deviation at 25°C when all
[

digital circuits in the SATS are active and all outpubs are loaded. The results
are somewhat worse than without and indicate a small amount of interference from
thn digital circultry affecting the performance of the rubidium standard in the

SATS. The difference is small enough to be insignificant.

4.5 _TNPUL POWER VERSUS TEMPERATURE S -
As a large percentage of the total power consumed by the SATS is used
to heat ovens, the total input power varies as a fumction of ambient temperature.’

Figure 4.5 shows the input power at 28 volts versus case temperature. The input

'd




¢

b

( | i_
- powexr is: %

B

N T WITIE JF C WS CLb o)

14 .4 W at +61°C
19.0 W at 1F24°C
29.4 W at -34°C

The accuracy of the power measurcment is approximately *1%.

/ 4.6 INPUT PCWER VERSUS INPUT VOLTAGE

Tigure 4.6 shows that the power supply efficiency is essentially

independent of the input voltage, i.e., the input power does not change over

the input voltage range from 22 to 34 wvolts.

4.7 MAGNETIC FIELD ETFTLCTS

These measurements indicate the effects of magnetic fields on the

frequency of the SATS. Due to the natlire of the atomic resonance, the frequency

¢

is affected only by fields in the axial direction of the Optical Package. A

.
g ~

set of large, calibrated Helwmholtz coils was used to generate the ambient field.

The susceptibility of individual SATS units varies somewhat due to different
magnetic bias pointslof the Optical Packages. As the magnetic bias is used to
compensate for manufacturing tolerances of frequency adjustment of the cells,
variations are expected. The data shown represent worst case conditions and

the worst frequency change between any orientatign,in the earth's magnetic field
is about 2.5 x 10"11. |

4.8 WEIGHT BUDGET

Table 4.8 compares the original weight estimates with the results
achieved. Significant diffevences reflect design'changes from the original
concept, particularly in the weight of the;major piece of‘hardWare,‘thefSATS_ . i

case, and the additional Medules for the Mﬂgnétic Bias Network and the RF Amplifiér,




UEIGUT BUDGEL _WASA SATS -

. g‘ o . ?
Weight (Pounds)
Ltem Original Estimate i Actual‘
PCWER SUPPLY (GULION) 2.5 | 2.75
SERVO 1.1 .75
MULTIPLIER (RESDEL) ’ 1.0 .8 i
VCXO + PLOMS ' | 1.2 1.5 ?
HEATER CONTROLLER 1.0 ; .75
'SATS CASE INCLUDING OPTICAL PACKAGE 10.0 ;8.2 |
CLOCK , | 1.5 L 2.0 |
MAGNETTC BIAS NETWORK _ | % SN |
RF AMPLIFIER . , % g .2
{EE HARDWARE, CONNECTORS, FINAT, RESIN | %
FILL, + CONTINGENCIES - 1.7 I WY
;
| TOTAL | 20.0 i 18.5

% NOT INCLUDED IN ORIGINAL DESTGN

TABLE 4.8




4,9  PGUER BUDGEE

¥

Table 4.9.1 is a powexr budget for the SATS operating at 25°C ambient
temperature. Each of the four supplies is listed separately. The total power
of cach module is listed as net power. Table 4.9.2 lists heater power at three
temperatures. The Eigures are for power taken f£rom tﬁe +35-volt supply and do
not include power supply losses. Table 4.9.3 lists the gross inpul powesr for

the SATS at three temperatures. The same data are shown, as a graph, in Figure

zl'-’So

w
L




PGYER BULGET SATS

( ‘ WATTS AT 25°C
TOTAL
, _ITEM | 35 VOIS 20 VOLTS 6 VOLLS 5.4 VOLIS (HET)
vcxo Axp prows L .- 3.2 - - 3.2
MULTIPLIER -- 1.4 “- - 1.4
, LAMP OSCILLATOR -- 14 - —- 1.1
SERVO am .5 - -- .5
PREAMPLIFIER . - .05 -- -- .05
RT AMPLIFIER ' - .3 -- - .3
MAGNETIC BIAS NETWORK - 1 “- .- 1
HEATER CONTROLLER - .6 .15 -- .75
DIGITAL CIRCUITS an .05 1.3 1.5 2.85
MAIN HEATER 3.0 o - -- 3.0
(  1awp mEATER 1.6 e S - -- 1.6
TIP HEATER A e - S .4

15.25 WATTS

With 80% powty suwply efficiency, the total input is 19 watts.

r . (1)

includes crystal oven heater power

TABLE 4.9.1




PCHER BUBGHT ~ SATS HEATERS (WATIS)

Teaperature

~35°C +25°¢C +60°C

MAIN HEATER 6.5 3.0 .9
LAMP UEATER 3.2 1.6 .65
TIP HEATER .9 A .09 !
CRYSTAL OVEN 3.3 1.5 0.5
TOTAL (NET) 13.9 6.5 2,14
Table 4.9.2
(.S SATS POWER VEI;SUS TE‘MPERATURE

AT 28-VOLT INPUT (WATTS)

-34°C __ +25°C__ +61°C_

29.4 19.0 14.3

Table 4.9.3




4. 10 VIBRATIOH AUD SHOCK

L .

Vibration and shock tesis were conducted at Acton Fuvivommental Testing
Coxporation. VFacilities did not permit the measuring of fxcquency performance
during vibration and the test was for survival only. Afiter the tests, no visible
damage was noticed and clectrical performance was normal. In particular, no
permanent change in frequency was observed. Test report is included.

' After delivery to MSC, Hquston, preliminary wvibration tests indicated,

aessentially, satisfactory performancz under sinusoidal vibration but during high

level random vibration test the servo loop unlocked. As the random vibration was
considered less critical than the sinusoidal wvibration, further investigation was
indicated.,

Preliminary shock tests at MSC, Houston, showed no significant frequency
changes due to ghock. Some time after the shock test the SATS failed and was
returned for correction. When received at General Radio the SATS was operating
normally and, due to the intermittent nature of the problem, it was decided to
provoke failure by additional vibration exposure.

This approach was successful and the failure was found to be caused by

the 8,192 quartz crystal unit used in the Master Crystal Oscillator. The quartz

plate was loose inside its vacuum enclosure due to metal fatigue breakage of the

mounting straps. It was immediately obvious that a resonance was required 'to
damage the unit. The crystal unit was specified to have no resonance below 2000 Hz
and to operate properly at 15 G acceleration,lgvels.

A spare crystal unit was mounted on a shaker and, tests conducted. No
resonance was observed when the specified éyept‘vibration was applied,’but a

careful search, manually, showed an extremely narrow wesonance of the crystal

L4

R e :

b b s L e o ke




{ supports at about 1500 1lz. This wegonance was oo high in Q to be excited unider

the specified frequency-swept vibration. The resonance was only a few hextz

wide,
Under random wvibration, there was sufficient energy at the critical 1

frequency Lo excite the resonance, causing excessive frequency modulation before

) ultimate catastrophic Efailure of the quariz cyrystal unit. ' f
Improved quartz crystals were obtained, the Master Crystal Oscillators
rebuilt, and vibration tests on the VCX0-PLOM Module showed exccllent performance

under vibration., At a sinusoidal vibration level of 5 G,the frequency deviation

BT

of the output f£requency was less than 1 x 10"9 peak to peak except foxr a very
slight resonance at 360 Uz with 2 x 10"9 peak to peak. This performance is
substan&ially better than required and it is expected that the problems during
random vibration have been elipinated. Imprpved performance under sinusoidal
vibration is anticipated.

The Optical Package has é resonance at about 400 Hz with a2 Q of gbout
10. It is not comsidered serious in terms of structural integrity and, because
it is sufﬁiciently away from the modulation rate of the servo loop, not delxrimental

to the performance of the SALS. To correct this resonance, major mechanical

changes in the Opticél Package would be required,




{ 4y 11 SUNMARY. OF PRRFORMANCE

-

The test data presenfted indicate that the objectives off the contract

have been met in essential detalls and prove the feasibilily of rubidium frequency

| standards for space applications.

Tn many aveas substantial improvements beyond

specifications have Dbeen achieved, particularly in size, weight, and power

; consumption., Table 4.11 compares some of the significant specifications with

the results obtained.

Specifications Actual
Size 600 in3 442 in3
Weight 25 1b 18.5 1b
Max Power (25°C) 30W 19 W
Max Power (-34°C) 42 W 29.5 W
€ short-Tem stability 3 x 107 2 x 1071
Frequency versﬁs Temperature 1x 10710 0.7 % 10710

Table 4.11

R —
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3. .. GENERAT, DISCUSSTON
The basic design oi the SATS was carvied out under Part T of the

contract, Departures from the original design have been made without any

significant change of the basic block diagram. Most of the changes have been

recommended in the Final Report, Part T, 3.1; others were required to improve the

performance to meet the specification for the SATS.

5.1 OPTICAL PACKAGE

The requirements of better thermal performance and short-term stability
have been met by substituting an Optical Package of proprleéary Ceneral Radio
design, developed for commercial use. The filter cell and the absorption cell
operate at the same temperature, eliminating one complete temperature control
system, Combined with a highly efficient light source for optical pumping, this
design has improved the short-term st bility (1 second) by 5:1 and the stability
over the temperature range by about 7:1. AL the same time, lower thermal losses
have resulted in a very substantial reduction in power requirement. Total power
for the Opitical Package was reduced from 26 watts to 15 watts at -34°C. The
pressure sensitivity of the absouvption ceil is such that it was not necessary
to reduce the operating pressure of the sealed Optical Package below atmosph:vic

level, reducing the significance of small leakage during long periocds of storage.

5.2 POWER SUPPLY

The power supply had to be redesigned to meet the requirements for total

dc isolation of the SATS from the input power supply lines. By careful'design and

elimination of some inefficient (dissipative) regulators, the overall efficiency

4 b i s A S ¢
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was Inereased from 64% (Part I) to 80% In spite of much increased power going
throdgh the converter (all high-powered heaters of the original SATS dcsign

took the power from the unregulated input line). ITmproved stability of the critical
20-volt regulated supply was achieved by using an external precision reference ;

voltages

5.3 MASTER CRYSTAL OSCILLATOR

A proprietary Ceneral Radio design was adopted because of its improved
performance, ready availability,and the lavge amount of performance data on hand
due to large volume production.

The choice of a crystal operating at 8.192 MHz rather than 16.384 Mz
was made because of the oscillator design and the possibility to eliminate one
flip-flop in the synthesizer/multiplier circuits. In addition, this unit contains
a precision zener veference diode inside the oven, making available, a very stable

reference voltage for the power supply precision regulator.

5.4 14.848-MHz SICNAL

The oviginal design derived the 14.848-MHz signal by subtracting (in a

mixer) 1.536 Miz from 16.28% MHz. The 1.536-MHz signal was obtained by d.viding %

the 16.384 by a factor of 32 to 512 kHz and then multiplying by 3. Temperature
dependence of the output as well as the relatively large size of the tuned éircuits
required have led to the substitution of a simple Phase-Locked Crystal-Oscillator

Multiplier (PLOM) which produces the 29th harmonic of the 512 kHz. .

5.5 MULTIPLIER CHAIN

In Part T, the High-Frequency Multiplier was driven from 20.480 Miz

dervived by adding 16.384 MHz and 4.096 Mliz. ' This 20.480-Miz signal was multiplied




X9 to 184.52 Milz., A step-vecovery diode multiplier preduced the vequired signal
at 6.8 Cilz (X 37). Severe difficulties were 2ncountered and a major vedesign was
rccomnended.,

The new design starts with a 4.096-Mliz signal which is multiplied to
61.44 Mz (X 15) by a Phase-locked Crystal Oscillator Multiplier (PLOM). A new
design for the Microwave Multiplier/Mixer seoction was subcontracted to Resdel
Engincering, Arcadia, California, chosen with approval from Varian and NASA.
This unit multiplies'the 61.44 MHz to 184.32 (X 3) and then by 37 in a step-
recovery diode multiplier. The breadboard unit submitted showed excellent
performance in all tests.

The first of the deliverable units was received in May 1969. Test
data, while not as good as the breadboard data, indicated satisfact o i, =
mance. After complete assembly and potting of the first SATS, this ‘. failed.
The failure occurred at high temperature and was evidenced by a 6:1 reduction in
signal amplitude from the Optical Package. TLater investigation sﬁowed that this
was due to parametric oscillations of the step-recovery diode. The unit was
removed from SATS and returned to the supplier. As the second unit had not been
delivered at that time, no further work could be done on SATS'I. It took in
excess of four months and three dcsign/rework/evalﬁation cycles before this
problem was solved. In addition, difficulties developed with the mixer unit,
obtained by Resdel from Melabs. The original breadbofrd 'mit of the Microwave
Multiplier/Mixer was returned to Resdel for invescigation of any possible
differences. Ultimately, the difficulties with the multipliers were resolved by
Resdel, but the probloms with the Melabs mixer (poor conversion efficiency and

erratic performance) were not solved until completely new mixers were obtained

from Aertech and the Melabs units abandoned.

PU—




P

The wide range of ambient tvemperatures specified for the SATS combined
with the requirement for stable output level makes the design of this wmultipliex
difffcult. It appears that such multipliers can be burlt. Advances of the stcate
of the art may make this tas) casier. As the fLrequency of the SATS is affected
by microwave level changes, further improvem¢ut of this multiplier would be
desirvable. Until advanced state of the art makes this practical, an alternate
solution should be considered for further development.

Much ifmproved performance over the entire temperature range can be
obtained by locating the step-recovery dliode with its associated circuitry and
the mixer inside the oven in the Optical Package. At constant operating
temperature, the step-recovery diode multiplier can ecasily be adjusted for
optimum performance and will not be subject to the difficulties observed. This
requires some redesign of the Optical Package to provide rvcom inside the Main
Oven, but the overall size of the Optical Package may not have to be changed,
Careful investigation would be required to determine other consequences such as:
additional heat in the Main Oven and magnetic field due to curvent through the

diode,

5.6 DIGTTAL CIRCUITS

Substantial effort was required to improve the clock setting arrangement.
The maximum time for updating the clock was reduced from about 6 minutes to less
than 1 second. Much longer cables between the SATS and the clock updating control
are now permissible. Provisions for programming the clock for 365-day or 366-
day (leap year) intervals and short-circuit protected output buffers for the
low—frcquency digital circuits were designed as required by changes in the

specifications for the SATS.
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The original design used analog wixing to add 128 kHz and 16 kliz to

144 Kkllz, This 144-kllz signal was then added in another mixer to the 256 kiz

for 400-kHz output, follewed by a 4:1 divider to get 100-kHz output. A total
of seven tuned circuits was requived for filtering and temperature compensation

proved difficult. A digital mixing arrangement was designed to replace the two

mixers and the nurber of tuned circuits reduced to two.

5.8 MISCELLANECUS

Frequency changes caused by connecting the cables to the Test and

Calibration Unit reported in Final Report, Part I, 2.2 have been eliminated.

Test cables can now be connected or disconnected without effects on the frequency

of the SATS.




6.0 RECOMMENDATIONS AND CONCLUS IONS

Difficulties experifenced with the Microwave Multiplier/Mixer over
the wide ambient <wperature range suggest that, in future development,
particular attentic¢- to this unit is required. The possibility of locating
the Microwave Multiplier/Mixer inside the Main Oven of the Optical Package

should be iny-stigated since that approach is likely to eliminate the problems

encountered,

The digital circuits should be located in a completely separate :
compartment to reduce interference on the rubidium reference. While not of

significance for the l-second short-ierm stability as specified, this

interference becomes increasingly more important for any potential applications

where shorter averaging times are used.
Better accessibility of test pbints for factory checkouf and cali-
( bration is desirable to improve maintainabilitcy.

The feasibility of a Spacecraft Atomic Timing System using a
hyperfine transition of rubidium as frequency reference has been demonstrated.
Significant improvements in the state of the art have been made. Higher
opervating temperature, wider temperature range, and less size, weight, and

power consumption are the most important achievements.
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Administrative Data

1.0 Purpose of Test: To subject test item to vibration and

shock exnosure.

2.0 Manufacturer: General Radio Comnanyv

3.0 Manufacturer’s Type or Model No; MASA SATS

Levelopment Fliaht Instrumen-

4.0 Drawing, Specification or Exhibit: tation Environmental Type and
Flight Spec. IESD Document
19-2, 1 June 1965

5.0 Quantity of Items Tested: Cne (1), S/N 1,

6.0 Security Classification of ltems: Unclassified

2.0 Date Test Completed: June 16, 1969

8.0 Test Congucted By; 0. “cLaughlin

9.0 Disposition of Specimens: Returned to General Radio
Company

10.0 Abstract: No visible or apnarent evidence of damaae

or deterioration to the test item as a re-
sult of vibration and shock tests.
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1.9 PEOVIREMENTS

1.1 VIBRATION

Random and sinusoidal motion shall be

applied sequentially alona each of three (3) mutually
perpendicular axes for a total of 36 minutes. Pan-
dom spectra is referenced to a loag-loa nlot and held
to a +30% power spectral densitv,

123

5 g R

1ils8

g RMS for five (5) minutes

10 Hz .019%/1z

10-75 Hz Linear increase to .14g2/Hz
75-200 Kz Constant .14a°/Vz

200-2000 Hz Linear decrease to .0502/Pz

MS for twentv-five (25) minutes

10 1z .00170%/Hz

10-75 Hz Linear increase to .02302/Hz
75-200 Hz Constant .023q%/Hz

200-2000 Hz Lincar decrease .00820°/liz

Sinusoidal motion shall be swept logari-

thmicaily from 5 Hz to 2 KHz to 5 Hz in 6 minutes in
each of the three (3) mutually perpendicular axes.

L

5 - 10 Hz Constant .20 in D.A.
10-26 Hz Constant +lg

26-56 Hz Constant .03 in D, A,
56-2000 Hz Constant +5g
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1.2.1 Shock imnulses at 30 a's for 11 +1 milli-
seconds. There will be three (3) shocks in each dir-
ection of three (3) mutuallv perpendicular axes for
a total of 18 shock impulses. Shock input will be a
saw-tooth wave form with 10 41 milliseconds rise and
1 41 milliseconds decav time. Compnonent shall be
operating during test,.

2.0 PROCEDURES

— e — e e e . et

2.1 VIBPATION

The test item, secured bv its normal means to a non-

resilient test fixture secured to the exciter of %
(: the vibration system, was subiected to the random 3
vibration test per requirements. |

Following the vibration test, the test item was
visually examined.

2.2 SHOCK

The test item, mounted by its normal means to a non-
resilient test fixture secured to the nlatform of
the shock machine, was subiected to the shock test
per requirements.

Followinag the shock test, the test item was visually
examined.
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3.0 RESULTS

— . —— ————

3.1 VIBRATION

There was no visible or anparent evidence of damaae

or deterioration to the test item as a result of the
vibration test.

3.2 SHOCK

There was no visible or annarent evidence of damaoae

or deterioration to tne test item as a result of the
shock test.
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