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Characteristics of Rubidium-Vapor Frequency Standard 

Output F’requencies 5,000,000.000 and 100,000.000 Hz 

9 
Approximate Frequency Displacement 
from Nominal Standard #l -- +3.5 parts i 5 l O  

Standard #2 -- -1 part  i n  10 
Standard #3 - 0 

Frequency Variation hss  than 1 i n  l o l o  for  periods 
over 1 sec. 

Operating Ambient Temperature 15 t o  3 5 O  C 

Power Requirement 1 0 n  t o  13OV 50-60 Hz 

Operating Time on Internal Battery Approximately 5 t o  15 hours 
depending on ambient temperature. 

e Battery Recharging T i n e  Approximately 24 hours. 

Weight Electronios 39 lbs. (18 kg) 
Power Supply 57 lbs. (26 kg) 



A Portable Rubidium-Vapor Frequency Standard* 

Robert J. Carpenter 

I 

i 

Three portable optically-pumped rubidium-vapor 
frequency standards have been constructed. 
frequencies of 5#z and 100 kHz with a s t ab i l i t y  of 
better than 1:lO have been realized. The weight 
without power supply is 18 kg and the power required, 
exclusive of temperature control, is  about 11 watts. 
The power supply, which also contains batteries for  
up t o  15 hours operation, weighs 26 kg. Sufficient 
de t a i l  is presented t o  allow the construction of 
similar units. 

Output 

1. Introduction 

Frequency stablf energy level  transit ions have been observed i n  a 

the use of such transit ions is  such a8 t o  encourage substantial develop- 
mental e f fo r t  toward frequency standards based on energy level transi-  
tions. 
about 24 GHz. 

number of materials. The potential frequency s t ab i l i t y  available from 

The f i r s t  type t o  be announced was an amnonia-vapor maser a t  

More recently cesium and thallium have been used i n  a Ramsey atomic 
beam apparatus. 
such a cesium beam device a t  the NBS Boulder Laboratories. 
recently work has been directed toward the developmnt of an atomic 
hydrogen maser a t  l@O MHz. 

The national standard of frequency is est2blished by 
Very 

* This work was par t ia l ly  supported by the National Aeronautics and 
Space Administration. 

Reports on other work i n  the f i e l d  of frequency standards may be 
found i n  the Proceedings of the Signal Corps Frequency Control 
Symposia for  the years 1957 t o  date. See also JRE T r  am. on Inst., 
Val, 1-11> NO. 2 and 4,  D ~ C .  62, 

Mockler, Beehler and Snider, llAtomic Beam Frequency Standards", 
pans. on Inst., Vol. 1-9, No. 2, pp 120-131, Sept. 1960. 
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A suitable t ransi t ion ex is t s  i n  optically-pumped cesium and rubid- 
i u m  vapor. A frequency standard based on this effect  has oertain ad- 
vantages m e r  the beam-type since no material is consumed i n  operation 
(resulting i n  longer l i f e )  and the frequency s t ab i l i t y  i s  not related 
t o  the mchanical length of the reaction area. Unfortunately the fre- 
quency of a pract ical  device is  influenced by the type and pressure of 
buffer gas, so that  the optically-pumped standards are not suitable for  I 

use as primary standards. \ 

I 

\ 

I 

I n  1959 the National Bureau of Standards undertook the construction 
of three rubidium-vapor frequency standards far  use i n  agroposed eartt,- 
s a t e l l i t e  experiment t o  investigate the gravitational "red shift!'. The 
nature of the experbent established certain special requiremnts on the 
standards t o  be buil t .  P r im emphasis was placed on low power consump- 
t ion  and good long term s t ab i l i t y ,  with l e s s  emphasis on small size and 
short term s tab i l i ty .  The original intention was that  temperature con- 
t r o l  of the environment t o  45OC would be furnished by the user and 
would not be charged as a power requirement of the frequency standard. 
After a considerable e f for t  had been expended on th i s  project, a labora- 
tory exper-nt by >he kksbauer effect  ______ established - thcJLred--shift!l t o  
approximately the s a m  accuracy as was t o  be obtained by the frequency- 
standard-satellite experiment. Plans for the s a t e l l i t e  experiment were 
deferred, but work was continued t o  complete the standards i n  a portable 
form so that they could be used t o  compare time i n  various locations, 
calibrate radio-path delays, etc. 0 

The operation of these frequency standards, i n  common Kith tha t  of 
most "atomic" frequency s t ada rds ,  is  based on the correction of the 
frequency of osci l la t ion of a quartz-crystal osci l la tor  t o  a submultiple 
of an atomic energy level  t ransi t ion frequency. In the present case the 
t ransi t ion is  i n  optically-pumped rubidium vapor and OCCUTB a t  a b u t  
6,834,683,405 Hz. 
a process i n  which the normal population of the various energy levels 
is  modified by the application of pumping radiation a t  an appropriate 
optical  frequency. 
frequency corresponding t o  the desired t ransi t ion i s  applied, the amount 
of pumping radiation whiah is scattered will be increased. The scat- 
tering of the pumping radiation can ei ther  be observed directly,  or  as 
a reduction i n  the intensity of the radiation passing direct ly  through 
the vapor c e l l  as  i l lus t ra ted  i n  Figure 1. A servo system m u s t  be pro- 
vided t o  control the frequency of the radio-frequency energy t o  exactly 
tha t  of the rubidium-vapor transit ion.  

2. 

The atomic t ransi t ion i n  question can be detected by 

I f ,  a t  the same time, radio-frequency energy a t  the 

General Description of the System 

The frequency standards may be thought of as consisting of four 
major sections (Figure 2): 



i 

e o  

1. The optical-microwave section i n  which the transit ion is 
detected ; 

2, The oscillator-servo system in which the microwave fre- 
quency is generated and locked t o  the transit ion; 

3. The frequency translator i n  which the 4,996,113.6-Hz 
submultiple of the t ransi t ion frequency is translated 
t o  5,000,000 Hz; 

4. The power supply. 

2.1 Optical-Microwave Section, Figure 3 

Light  of the pumping wavelength is  generated by an electrodeless 
discharge lamp excited by a vacuum-tube oscil lator.  The lamp contains 
natural rubidium and lPypton a t  a pressure of a few tom. 
characterist ics of the l ight from the discharge lamp are rnodified by a 
f i l t e r  c e l l  placed i n  the optical  path. The f i l t e r  c e l l  contains rubid- 
ium-85 and 30 t o  50 t o r r  of argon or neon. The ent i re  lamp and f i l t e r  
c e l l  assembly was b u i l t  for the National Bureau of Standards hy Varian 
Associates. The spectral  characterist ic of the pumping l i g h t  is fur-  
ther modified,by'an interference f i l t e r  which passes the D-2 rubidium 
l ine a t  7800 A but not the D-1 l ine  a t  7947 A. The interference f i l t e r  
is  used because the sh i f t  i n  frequency Kith l i g h t  intensity for these 
standards was found t o  be l e s s  for  the D-2 than for the D-1 l ine.  

The spectral  

The rubidium vapor i n  which tbe t ransi t ion is  t o  be observed is 
located i n  a TE 0 1 1 cylindrical microwave casrity ahich is  resonant a t  
6.83 GHz. Due to the mode of pesonafice i n  the cavity, large openings 
are possible i n  tbe end faces and are used t o  admit the pumping l i g h t  
and pass the transmitted l&ght on to the photocell. 
a t  a pressure of about 10- t o r r  and a buffer gas mixture a t  a t o t a l  
pressure of about 39.6 to r r  are contained i n  a quartz cel l .  
i s  approximately 49.15 nitrogen and 50.95 methane, which gives maximum 
frequency a t  about 45OC. 
and below this point with a 2 x 10- deviation a t  f 2OC from the peak 
frequency temperature. 
focused on a s i l i con  photo-voltaic c e l l  by a Fresnel lens. 

The rubidium vapor 

The mirture 

The freqruifcy f a l l s  off quadratically above 

After pa'ssing through the gas ce l l ,  l i gh t  is  

2.2 &cillator-Servo S l y s t e m  

The microwave frequency used t o  probe for the t ransi t ion i n  the 
rubidium vapor is  generated by a quartz-crystal-controlled osci l la tor  
operating a t  4,996,113.6 Hz and followed by a frequency-multiplier chain. 
In order t o  sweep across the microvave frequency d.lich resul ts  i n  the 
maximum l igh t  attenuation i n  the rubidium vapor, the radio frequency i s  
sinusoidally phase modulated a t  a b u t  25 3% to a peak deviation of about 
100 Hz (a t  6.8 GHz). 

3 

Since the speed of response of the frequency 



correction loop is  rather l imited,  the short term s t ab i l i t y  of the out- 
put frequency of the frequency standard i s  determined by the crystal  
oscil lator.  Since the crystal  osci l la tor  i s  called upon t o  provide ex- 
cellent short term s t ab i l i t y ,  while i t s  long term d r i f t  may be reduced 
by the correction based on the rubidium vapor transit ion,  the crystal  
drive level of the osci l la tor  i s  somewhat higher than is  ordinarily en- 
countered i n  high s t ab i l i t y  oscil lators.  The osgillators used i n  these 
standards wer obtained frm Sulzer Laboratories and the Bell Telephone 
Laboratories .' They are f i t t e d  with voltage-controlled capacitors t o  
permit variation of the osci l la t ion frequency on the command of the fre- 
quency-correction servo system. 

multiplier and the frequency translator.  
section the f i rs t  tuned circui t  i s  shunted by a voltage variable capac- 
i t o r  used t o  apply phase modulation t o  the signal. Incidental phase and 
amplitude modulation of the radio frequency due t o  short term ins tab i l i ty  
of the crystal  osci l la tor  and imperfections i n  the multiplier chain pro- 
duce non-hanmnically related microwave frequencies i n  addition t o  the 
desired harmonic. Since such modulations distribute the available micro- 
wave power among a number of frequencies variously removed from the de- 
sired harmonic, they tend t o  reduce the amplitude of the observed tran- 
s i t ion ,  broaden it, and create spurious locking points where there i s  
sufficient mistuning for a d i s t an t  modulation sideband t o  l i e  a t  the 
t ransi t ion frequency. 

The output of the crystal  osci l la tor  i s  fed t o  both the frequency 
In the frequency-multiplier 

e 
In the development of this standard, the frequency-multiplier stages 

originally employed varactors i n  three cascaded stages (X3, X2, X2) t o  
multiply 5 MHz t o  60 MHz (nominal). While the varactor multipliers could 
be made t o  operate and d i d  not seriously widen the spectrum of the micro- 
wave energy, adjustment was very d i f f icu l t .  
t o  avoid a s i tuat ion i n  which output would not resum if the input was 
momentarily interrupted. These d i f f icu l t ies ,  plus a problem i n  repro- 
ducing resul ts  from one unit t o  the next, led to a search for a more 
stable solution even i f  potentially less  efficient.  
diode multipliers are less  e f f ic ien t  than the varactor type and might 
therefore be expected t o  be m r e  noisy, they were investigated. The 
diode multiplier stages used two diodes connected so as t o  discriminate 
against odd order harmonics i n  the doubler stages and against even order 
h m n i c s  i n  the t r i p l e r  stage. 
grounded-base t ransis tor  amplifier with a gain of greater than one for 
the complete stage. The performance of the chain of these multipliers 
(5 t o  60 MHz) proved to be fu l ly  satisfactory. 

One had t o  be very careful 

Though conventional 

Each multiplier was followed by a 

The only serious problem 

3F0r further information contact Sulzer Laboratories, Inc. , 621 Lof strand 
Lane, Rockville, Maryland. 

%. L. Smith "Miniature Transistorized Crystal-Controlled Precision 

e Oscillatorsfi, JJE ~r am. on Inst.,  Vol. 1-9, No. 2,pp lL+l=lL+8, Sept.60. 
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’ encountered was i n  the amplitude control feedback system. 
reverse bias was used to reduce the gain of the input amplifier, bu t  
th i s  resulted i n  the accentuation Of the amplitude modulation unavoid- 
ably present on the 4.996 bAHz input signal from the crystal  oscil lator.  
Under conditions of large input signal and high reverse bias the non- 

rious sidebands. 
satisfactory performance. 
follarrs the multiplication t o  60 MHz. 
6.8 GHz takes place i n  a single varactor diode mounted oq the gas-cell 
cavity located i n  the microwave-optical section of the standard.  w e n  
though the efficiency of multiplication by 1l.4 i n  the varactor diode is 
extremely low, enough microwave energy i s  obtained to adequately observe 
the atomic transit ion.  

In i t i a l ly ,  

~ 

I l inearity of the  gain-controlled stage generated ex t r eE ly  strong spu- 
A change t0 forward bias gain control resulted i n  

Amplification t o  a power level of about 30 mW 
Multiplication from 60 MHz t o  

Since the microwave energy applied t o  the rubidium vapm i s  slight- 
ly phase (frequency) d u l a t e d  a t  a low ra te ,  the intensity of the l igh t  
af ter  passing through the vapor also varies s l ight ly  i n  a related manner, 
If only the fundamental-mxlulation-f’requency component of the variation 
i n  l igh t  intensity i s  observed, it w i l l  have essentially zero amplitude 
when the microwave frequency exactly corresponds t o  the atomic-transi- 
t ion frequency. A frequency error of one sense will cause l igh t  varia- 
tions i n  phase with the applied mdulation while an error  i n  the other 
sense w i l l  cause l igh t  variations of the opposite phase. 
important that  the phase (frequency) modulation be sinusoidal. 
second-harmonic content i n  the modulation w i l l  resul t  i n  spurious gener- 
ation of substantial fundamental-mdulation-frequency energy even when 
the microwave signal is  centered on the peak of the atdmic trhnsition. 

a t  which the error signal i n  one sense just  equals the spurious signal 
i n  the opposite sense. The frequency-correction system which controls 
the crystal  osci l la tor  contains a synchronous-detection system t o  re- 
cover the sense of the error  fromthe phase of the error signal. The 
correction signal, a direct  voltage, acts  t o  change the frequency of the 
crystal  osci l la tor .  The correction system i s  of the type i n  which an 
error must ex is t  for a correction s i g n a l  t o  be generated. For t h i s  rea- 
son variations i n  the crystal-oscillator frequency are reduced, not 
eliminated. 
so tha t  this type of system is acceptable. 

It i s  very 
Any 

. 

3 

1 This spurious s i g n a l  will cause the servo system t o  balance a t  the point 

0 

The amplification of the correction system i s  high enough 

1 

2.3 Frequency Translator 

The frequency-translator portion f the frequency standard, figure 
In  the translator a signal a t  3 4 ,  is  a product of Sulzer Laboratories . 

3886.4 Hz is  derived from the 4,996,113.6-Hz output of the quartz-crystal 
oscil lator.  
5,000,000-Hz output. 
from a separate 5-MHe t o  100-kHz divider. 

These two frequencies are added t o  give the desired 
A n  additional output of 100,000 Hz is  available 



2.4 Power Supply 

The power supply for the rubidium-vapor frequency standard i s  a 
portable unit w i t h  batteries to run the s tandard for  approximately 5 t o  
15 hours depending on the ambient temperature. The supply incorporates 
provisions for  charging the bat ter ies  and operating the unit from the 
11m a-c l ine.  When operating from alternating current, the supply 
l lf loats" the bat ter ies  t o  maintab them near f u l l  charge. The circui t  
i s  designed so tha t  the changeover t o  battery operation is  automatic 
should the power l ine  f a i l .  Therefore the unit serves as an emergency 
power supply as well as a unit  for  portable operation of the standard. 

The unit supplies +15W a t  25 mA, regulated by a duty-cycle varia- 
t ion  system, for  the tubes i n  the lamp of the standard, as well as 6 . g  
a-c for the filaments. 
standard are supplied regulated direct  current a t  + l 3  and -13. 

The transistor modules and the heater i n  the 

3. PLACING THE STANDARD I N  OPERATION 

The standard should be placed into operation i n  the following 
manner. 
electronic) with the connecting cable provided and supplying 117V a-c 
t o  the power supply unit. After the thermometer 'on the end of the elec- 
tronic unit  has stabil ized a t  about 4OoC t o  45OC for approxfmately a 
half hour, an e f fo r t  should be made t o  lock the quartz osci l la tor  t o  the 
atomic transit ion.  With the modulation and RF' level  controls se t  t o  
produce f u l l  RF level and half-full  modulation, the 4,996,113.6-Hz fre- 
quency being fed from the multiplier t o  the translator sections should 
be masured with a d ig i t a l  frequency meter. 
control on the Phase Detector section of the electronics should allow 
th is  frequency t o  be adjusted through the desired value. 
a variable-voltage source i n  ser ies  With the correction voltage t o  the 
quartz osci l la tor .  Now observe the Lissajous pattern made by the re- 
ference and error signals when the radio frequency i s  varied s l ight ly  
by means of the above mentioned yol t .  Ad;i. Control, or external voltage 
source. When the frequency i s  adjusted closely enough t o  the center 
of the atomic t ransi t ion there w i l l  be a 1:l pattern. The modulation 
should be maximized by tuning the f i l t e r  on the 25-Hz Oscillator- 
Reference unit and the error signal should be brought into 0 or 180° 
phase relat ion t o  it by varying the tuning of the f i l t e r  on the Tuned 
Amplifier unit. A t  th is  point the FU? level  and modulation may be re- 
duced s l igh t ly  by means of the controls on the Multiplier unti l  a mis- 
tuning of the 4.966-MHz osci l la tor  by a 900 rotat ion of the Fine Volt. 
&lJ. control on the Phase Detector module resu l t s  i n  a maximum error  
signal.  Do not reduce the RF level  too fa r ;  low supply voltages that  
may be present when operating fran the bat ter ies  may resu l t  i n  insuf- 
f ic ien t  RF energy. 
operating as evidenced by the reduction of error s igna l  t o  nearly zero 
shortly after each intentional small mistuning. The yolt .  m. should 
be slowly changed, all the while keeping the system locked, to cause a 

6 

Power is applied by connecting the two units (power supply and 

Adjustment of the m. m. 
If  not, inser t  

A t  t h i s  point the correction system should be 

e 

0 



zero dc error signal f r o m  the phase detector. 
oscillator i s  mw locked t o  the atomic transition. 

The 4,996,113.6-H~ 

4. Details of Circuits 

To the extent possible, the same circui t  designs have been used i n  
For example, essentially the 

circui t  is used as  the modulation-frequency osci l la tor  and i n  two 
more than one place i n  the servo system. 

f i l t e rs .  The same squaring-circuit design is used i n  both the error 
signal and the reference Signal C h a n n e l s .  
used extensively i n  the audio-frequency portion of the servo system. 

Sil icon t ransis tors  have been 

4.1 Oscillator-Reference, Figure 5 

A frequency of a b u t  25 Hz is generated by the RC tuned osci l la tor  
using Q l O l  and 8102. 
i to rs  and the 22k and 100-ohm resis tors  i n  the emitter circuitry,  
waveform distortion of t h i s  osci l la tor  i s  more than can be tolerated, so 
a regenerative RC tuned f i l t e r  follows the osci l la tor .  
fact that  l ess  feedback i s  used, tha t  there i s  no clipping, and tha t  the 
frequency i s  variable, t h i s  c i rcu i t  i s  identical  t o  the oscil lator.  The 
f i l t e r  supplies a modulation s i g n a l  t o  the phase modulator i n  the E're- 
quency Multiplier section of the system. 
signal i s  supplied t o  a coaxial connector on the exterior of the case 
t o  permit the observation of Lissajous patterns by comparison with the 
f i l tered error signal (from the error channel Tuned Amplifier). Since 
the Phase Detector section of the standard operates on rectangular waves, 
the sinusoidal s i g n a l  from the f i l t e r  is "squared" i n  the two W137 
diodes between the l a s t  two t ransis tors  Ql05 and Q106 of t h i s  unit. 

The tuned network consists of the two 4.7-pF capac- 
The 

Except for  the 

In addition a reference 

0 

.* 

4.2 Preamplifier, Figure 6 

The error signal from the photocell i n  the Microwave-Optical sec- 

The f i r s t  stage Q 4 O l  uses a low-noise s i l icon tran- 
t ion i s  a t  a very low level. 
the Preamplifier. 
s i s tor ,  type 2N2175. 
ce l l ,  a DC bias current i s  applied t o  the photocell. The lOOk potentio- 
meter i s  adjusted un t i l  the voltage a t  the terminals of the photocell 
(measured with a VTVM a t  the c e l l  voltage t e s t  point) i s  within 5 m i l l i -  

This signal i s  amplified i n  two stages i n  

In  order t o  reduce the m i s e  output of the photo- 

vol ts  of ground. 

4.3 Tuned Amplifier, Figure 7 

The s i g n a l  from the Preamplifier i s  delivered t o  the Tuned Amplifier 
section of the servo system. 
using 4201. 
generative f i l t e r  similar t o  that used i n  the Oscillator-Reference Sec- 
tion. This f i l t e r  is tuned t o  the fundamental-frequency component of 
the error  signal from the Optical-hlIicrowave assembly by adjustment of 
the 100-ohm variable res i s tor  connected t o  the emitter of (302. 

It is  further amplified by the f i r s t  stage 
The next tm transis tors  Q202 and Q203 form an RC tuned re- 

The 
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sine-wave output of this f i l t e r  is supplied t o  a panel connector and i s  
used i n  a 1:l Lissajous figure comparison with the Reference signal t o  
permit visual observation of the performance of the servo system, parti- 
cularly when the system is being put in to  operation. The sine-wave i s  
also supplied t o  the next stage 820.4, which is a simple amplifier. This 
stage drives a double-diode clipper using type W137 s i l icon  diodes. 
The approximately rectangular wave signal from the clipper drives 4205, 
the output amplifier from this unit .  
forms one input t o  the Phase Detector unit. 

The output signal frm th is  unit 

4.4 Phase Detector, Figure 8 

The Phase Detector unit of the  servo system produces the correction 
voltage t o  be applied t o  the 4,996,113.6-MHz osci l la tor  on the basis of 
the relat ive phases of the error signal (from the Tuned Amplifier) and 
the reference signal (from the Oscillator-Reference). The error  s ignal  
is further clipped by the lN137 s i l icon  diodes a t  the S igna l  Input of 
the Phase Detector unit. This s i g n a l  i s  then passed through Q301 which 
amplifies the signal. A phase-inverted replica of the output of Q301 
is  produced by Q302. 
error  signal. 
an emitter follower. 

Thus the outputs of 8301 and Q302 form a push-pull 
The output of the Oscillator-Reference unit drives Q303, 

The phase-detector proper is  formed by 8304 and Q305. The collec- 
t o r s  of both of these t ransis tors  are driven by the reference rectangu- 
l a r  m e  through Q303. 
The error rectangular wave (from Q301 and Q302) is  fed i n  push-pull t o  
the bases of the phase-detector transistors.  The phase-detector tran- 
s i s to r s  conduct fu l ly  when the error-signal input is  negative; thus i f  
the reference is  negative a t  t h i s  time ( in  phase with the error signal) 
the phase detector will produce a negative output. When the error and 
reference signals are opposite i n  phase the phase-detector output will 
be positive. 

The output of QO4 and 8305, i n  the form of positive or negative 
pulses is then passed through a long time constant RC f i l t e r .  Due t o  
the demands of size and weight, a tantalum electrolyt ic  capacitor had 
t o  be used. 
mercury-battery, is needed for  the capacitor. A further potential must 
be subtracted from the voltage across the electrolyt ic  capacitor before 
it can be applied t o  the crystal  osci l la tor  as the frequency-correction 
signal. 
made adjustable by a multiturn 1-megohm resis tor  With fine adjustment 
by a 1Ok ohm resis tor .  In  practice the 1Ok ohm res i s tor  i s  se t  a t  mid- 
scale and is  used primarily t o  produce small frequency offsets  when ad- 
justing for optimum system operation. The set t ing of the 1-megohm re- 
sistor is made so that the battery-induced potential maintains the os- 
c i l l a to r  a t  the proper average frequency and the correction s i g n a l  from 
the phase detector is  only needed for  small errors.  A n  external meter 
indicates the output of the phase-detector t ransis tors  so tha t  the 

This rectangular wave has limits of about f 12 V. 

Unfortunately a polarizing potential, provided by a 4-V 

T h i s  further potential, also from a 4-V mercury battery, i s  

- 
8 



l-mgohm resistor may be adjusted for an average zero output from the 
phase detector . 

4.5 Frequency bfultiplier, Mgure 9 

The frequency-multiplier unit takes the 4,996,113.6-MHZ output of 
the crystal osci l la tor ,  phase -du la t e s  it, a d  multiplies the frequency 
t o  approximately 60 MI%. A t  the input of t h i s  unit the 4.996-MHz signal 
i s  amplified t o  4502. 
hold the560-ME€z output signal a t  a constant amplitude. 
i s  used. 
voltage-variable capacitor which produces phase modulation a t  the refer- 
ence frequency due t o  a signal from the Oscillator-Reference unit. b e -  
quency multiplication takes place i n  three stages of diode multipliers, 
each followed by a grounded-base t ransis tor  amplifier. The f i r s t  multi- 
plier i s  a t r ip le r .  The output of t h i s  stage a t  15 MKZ i s  amplified by 
Q5O4. 
a t  30 MHz. The f ina l  multiplier, a lso a doubler drives the 60-MHz out- 
put  amplifier (306. The output amplifier i s  matched to the load exhib- 
ited by the varactor multiplier i n  the Optical-hticrowave section by a 
very small capacitor i n  ser ies  w i t h  the output coaxial transmission l ine.  
The value of t h i s  capacitor must be determined for  each unit. The RF 
potential on the output tank circui t  is  measured by a diode detector 
with a back-bias to control the level  a t  which detector output begins. 
Output level is varied by adjusting the detector bias. 
put is  f i l t e red  t o  DC and applied t o  the tm-stage amplifier Q501, 8503, 
and controls the bias and therefore the gain of Q502, the 4.996-MH1; in- 
put  stage. 

This t ransis tor  amplifier i s  gain-controlled t o  
Vornardl1 AGC 

The tuned c i rcu i t  i n  the collector of 4502 is  shunted by a 

The next multiplier i s  a doubler, fo l loEd  by an amplifier Q505 

The detector out- @ a 

A n  isolating amplifier, 8507, provides a 4.996-MHz output signal t o  
drive the Frequency Translator section of the frequency standard.  
one of the units t h i s  stage i s  contained i n  a separate box. 

I n  

4.6 Power Supply, Figure 10 

The +1fl and -13 are supplied by identical  independent supplies. 
The Stancor RT202 power t r a n s f o m r  is  used both i n  a f u l l  wave bridge- 
r ec t i f i e r  c i rcu i t  t o  supply -34V, and i n  a f u l l  wave center-tapped cir-  
cuit  to provide -17V. 
(Q80l) series-regulating t ransis tor  and with the 25- ohm, 25-watt resis-  
to r  t o  provide a current source for charging the battery. 
supplies the collector of the 2Nl74, 
normal operating position, the output voltage is  approximately equal t o  
the battery voltage which is kept from exceeding l4V by the L$V, 10-watt 
zener diode, 
put voltage a t  about -UV and the battery voltage i s  allowed t o  reach a 

The -34V i s  used t o  supply base bias t o  the 2N174 

The -17 volts 
With the charging switch i n  the 

In the charging position IICfl, the zener diode se t s  the out- 

'John C. Sinclair  , "Forward or  Reverse Transistor AGC?", Electronic 
JkSim, Vola 11, NO. 22, pp. 64-69; Oct. 25, 1963 

9 



maxim of about 15.X due t o  the forward drop i n  the lN3208 si l icon 
diodes. 
charged. 
hours. 

The battery voltage W i l l  approach t h i s  value when ful ly  
The charging ra te  i s  0.8A and the charging t i m e  is about 24 

The +15OV and 6 . 3  are obtained f’rom a 2kHz transistor oscil lator 
The 

The 

supply (Q803,Q804) operating from the +13V and -13V d-c supplies. 
output of the osci l la tor  i s  controlled by a feedback circui t  which 
varies the low voltage direct  current supplied t o  the oscil lator.  
osci l la tor  output is  stepped down by the Merit A2814 transformer with 
a 1000-ohm wire-wound variable res is tor  i n  the prh i ry  t o  control the 
output level. 
t i f i e d  by the f u l l  wave bridge and f i l t e red  t o  provide +15W d-c. 

The high voltage from the Triad TX89 transformer is  rec- 

The +15W feedback regulating c i rcu i t  consists of a blocking oscil- 
l a tor  (Q807) which produces positive pulses which turn on Q8oS. This 
discharges the lpf capacitor between the collector and gound. The 
capacitor then begins  t o  charge toward the supply voltage un t i l  it is 
again discharged by the next pulse. The reeult  is  a sawtooth. The 
lNl00 diode i s  forward biased un t i l  the voltage becomes more positive 
than tha t  on the anode of the diode which is  obtained from a voltage 
divider across the +15OV. 
the top. The level  of t h i s  clipping ultimately determines the voltage 
applied t o  the osci l la tor  t ransis tors  (Q803, Q804). 
tooth i s  amplified and applied t o  a Schmitt tr igger (8811, (3312) which 
produces pulses wikh a duty cycle that i s  dependent on the clipping le- 
vel. These pulses are amplified by 8813 and Q8l4 and then used t o  
switch Q815. When Q815 i s  on,i ts  collector is a t  +1X. 
i t s  collector i s  a t  -13 and current is supplied through the lN2071 
diode. 
current supplied t o  the osci l la tor  t ransis tors  (Q8O3, Q8O4). 

This produces a sawtooth which i s  clipped a t  

e The clipped saw- 

When it i s  of f ,  

The collectur output is then f i l t e red  and the resulting direct  

Transistors Q805 and C@O6 control the heater i n  the standard. The 
mercury thermostat i n  the standard opens f o r  beat and closes for  cooling. 

4.7 Lamp - Microwave Assembly 

The lamp, i ts  exciting omi l l a to r ,  a gas f i l t e r  ce l l ,  and their 
package were made for  t h i s  standard. by Varian Associates. 
diagram of the exciting osci l la tor  is  reproduced a s  figure 11. 

The c i rcu i t  

I n  order t o  verify tha t  the lamp i s  operating, one may measure the 
output of the Hoffman-type llOC photovoltaic cel l .  If the connection 
between t h i s  eel1 and the Preamplifier i s  disconnected, the c e l l  voltage 
i s  a measure of the lamp output a s  attenuated by the f i l t e r  c e l l  and 
microwave-cavity gas cel l .  
perature the c e l l  voltage is  50 t o  100 mV as measured by a VTVM. A 
larger voltage is present before the system reaches opera.ting temperature. 

When the system is  a t  normal operating tem- 

0 The microwave cavity ie magn&ically shielded t o  reduce the effect  

IO 



/pbt * 0 of external d i e l d s .  An internal solenoid adds a fixed f ie ld  of a b u t  
one microtesla t o  swamp out the small remaining external fields. 

4.8 Other 

The c i rcu i t  diagrams of the Sulzer 4.9961136 MHz oscil lator and the 
5 MHz t o  100 kHz frequency divider are included as  figures 12  and 13. 
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