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ABSTRACT 

Based on a  commerc ia l ly  a v a i l a b l e  r ub id i um standard t h e  
Na t i ona l  Bureau o f  Standards (NBS) devel oped a p o r t a b l e  r u b i  d i  um 
c l ock .  Technica l  m o d i f i c a t i o n s  which reduce t h e  s e n s i t i v i t y  
a g a i n s t  temperature,  magnet ic environment,  and baromet r i c  
changes a l l o w  s t a b i l i t i e s  i n  t h e  1 0 - l 2  range under t y p i c a l  
c l o c k  t r a n s p o r t  c o n d i t i o n s .  Under l a b o r a t o r y  c o n d i t i o n s  t h e  
c l o c k  shows a bes t  s t a b i l i t y  o f  3 p a r t s  i n  l O I 4  . Clock pack- 
ages based on sealed l ead -ac i d  b a t t e r i e s  f e a t u r i n g  a  t o t a l  
we igh t  o f  21 kg and 18 hours b a t t e r y  ope ra t i on  were tes ted ;  an 
improved c l o c k  package was r e a l i z e d  us i ng  s i l v e r - z i n c  b a t t e r i e s  
w i t h  11 kg we igh t  and 28 hours b a t t e r y  ope ra t i on .  Reports o f  
severa l  c l o c k  t r i p s  t o  t h e  U.S. Naval Observatory and o f  one 
c l o c k  t r i p  each t o  t h e  Bureau I n t e r n a t i o n a l  de 1 'Heure i n  P a r i s  
and t o  t h e  Hewlet t -Packard Company i n  Santa Clara,  C a l i f o r n i a  
a r e  repor ted .  Time t r a n s p o r t  p r e c i s i o n s  o f  -02 us have been 
obta ined.  Spec ia l  aspects  o f  t h e  c l o c k  m o d i f i c a t i o n s  and t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  a r e  discussed, as w e l l  as an op t ima l  
use of t h e  da ta  of a  c l o c k  r o u n d - t r i p .  

INTRODUCTION 

For  t ime  comparisons w i t h  p r e c i s i o n s  o f  b e t t e r  t han  a  few us be- 

tween d i s t a n t  l o c a t i o n s ,  cesium c l ocks  are used e x c l u s i v e l y  a t  p resen t .  

The use o f  these dev ices i s  n o t  w i t h o u t  c o n s t r a i n t s  due t o  t h e i r  s i z e  as  

w e l l  as t h e i r  r e l a t i v e l y  h i g h  power demands. For example, w i t h  reason- 

a b l e  and p o r t a b l e  b a t t e r y  power supp l i es  cesium c l ocks  must be powered, 

f r om  o u t l e t s  on t h e  a i r p l a n e  on any t r a n s c o n t i n e n t a l  o r  i n t e r c o n t i n e n t a l  

t r i p  and t h e  purchase o f  a  separate  sea t  i s  necessary.  As a r e s u l t ,  

cesium c l o c k s  n o t  o n l y  pose c o s t  and l o g i s t i c s  problems, b u t  a l s o  

a f f e c t  t h e  r e l i a b i l i t y  o f  t ime  comparisons. Commercial cesium c l o c k s  

a r e  under development which promise r e d u c t i o n  o f  t h e  above problems; 

n e v e r t h e l e s s , i t  appeared prudent  t o  exp lo re  t he  p o s s i b i l i t i e s  o f  smal l  

commerc ia l ly  a v a i l a b l e  r ub id i um standards which o f f e r  t h e  p o t e n t i a l  of 

ve r y  smal l  c l o c k  packages. Even m a i l a b l e  c l ocks  appear f e a s i b l e .  



THE BASIC R U B I D I U M  STANDARD -- 
Small r ub i d i um standards a r e  now commerc ia l ly  a v a i l a b l e .  A u n i t  

was se lec ted  f e a t u r i n g  about 1 R volume (approx imate ly  10 x 10 x 10 cm) 

and a we igh t  o f  about  1 kg. The bas i c  s t a b i l i t y  o f  t h e  c l o c k  was 

measured and t h e  r e s u l t s  a r e  dep i c t ed  i n  f i g .  1. The f requency s t a b i l -  

i t y  o f  t h e  c l o c k  can be descr ibed  by* 0 ( x )  = 6 x 10 -12=-1/2 
Y > a  

f l i c k e r  f l o o r  o f  3 x 10-13,and a l o n g  te rm s t a b i l i t y  o f  about 3 x 10- 12 

a t  T = 1 day. For  t ime  t r a n s p o r t  w i t h  a p r e c i s i o n  o f  0.1 us t h e  

f requency s t a b i l i t y  requi rement  can be s t a t e d  as o v ( ~ = T )  < l o m 7  T-I, 

where T i s  t h e  i n t e r v a l  i n  seconds between t h e  ti& comparison a t  two 

remote l o c a t i o n s  ( t r i p  t i m e ) .  From t h i s  equa t ion  and f i g .  1 i t  i s  

c l e a r  t h a t  t h e  r ub id i um c l o c k  i s  b a s i c a l l y  capable  o f  p r o v i d i n g  t ime  

comparisons t o  b e t t e r  than  0.1 vs f o r  t r i p  t imes o u t  t o  many hours.  

It i s  t h e r e f o r e  obv ious t h a t  env i ronmenta l  e f f e c t s  a r e  o f  p r ima ry  con- 

cern.  For  l o n g  c l o c k  t r i p s  p o s s i b l e  f requency d r i f t s  c o u l d  be s i g n i f i -  

can t .  C lock t r i p s  t ake  t y p i c a l l y  l e s s  than  18 hours. Env i ronmenta l l y  

induced f requency changes should  t h e r e f o r e  be i n d i v i d u a l l y  i n  t h e  l o m 1  * 
range, o r  t hey  should  be c a l c u l a b l e .  

On a t r i p  t h e  c l o c k  encounters  t h r e e  major  env i ronmenta l  changes: 

a )  magnet ic f i e l d ;  b )  temperature;  c )  ba romet r i c  pressure.  The per form- 

ance of t h e  p a r t i c u l a r  NBS u n i t  was t e s t e d  a g a i n s t  these changes. 

For  a tomic  f requency standards,  f requency changes due t o  r e p o s i t i o n i n g  

a r e  p r i n c i p a l l y  magnet ic f i e l d  e f f e c t s .  The performance o f  t h e  u n i t  

under t e s t  was: a )  p o s i t i o n  (magnet ic f i e l d ) :  1 .2  x 1 0 - l o  wors t  case 

i n  t h e  e a r t h  magnet ic f i e l d ; ' i . e . ,  s t r o n g l y  dependent on t h e  p a r t i c u l a r  

p o s i t i o n  o r  o r i e n t a t i o n .  b ) tempera tu re :  about 7 n 1 0 - l 2  pe r  "C i n  t h e  

range o f  26-40 ' C  basep la te  temperature;  c )ba rome t r i c  pressure,  p a r t s  
9 i n  10 f rom atmospher ic p ressure  t o  vacuum. I t  was suspected t h a t  t h e  

ba rome t r i c  e f f e c t  was r e l a t e d  t o  temperature,  i n  p a r t i c u l a r ,  tempera- 

t u r e  g r a d i e n t  e f f e c t s ,  and t h a t  t h e  baromet r i c  s e n s i t i v i t y  would be 

much l e s s  around atmospher ic pressure.  - 
* 0 ( T )  i s  t h e  square r o o t  o f  t h e  two sample va r iance  o f  f r a c t i o n a l  

Y 
f requency f l u c t u a t i o n s .  -L i s  t h e  sample t ime  measured i n  seconds. 



We t h e r e f o r e  dec ided  t o  reduce o n l y  t h e  magnet ic  f i e l d  and tempera- 

t u r e  s e n s i t i v i t y  and t r u s t  t h a t  t h e  b a r o m e t r i c  s e n s i t i v i t y  around 

a tmospher i c  p r e s s u r e  would pose no ma jo r  problems. 

I n  v iew o f  t h e  need t o  p r o v i d e  t h e  c l o c k  w i t h  a  p o r t a b l e  b a t t e r y  

power pack t h e  s e n s i t i v i t y  o f  t h e  f requency  a g a i n s t  s u p p l y  v o l t a g e  

changes was o f  i n t e r e s t .  F i g u r e  2 shows t h i s  s e n s i t i v i t y  wh ich can be 

d e s c r i b e d  by abou t  5 x l o - ' *  p e r  v o l t .  There fo re ,  o n l y  a  r e l a t i v e l y  

c o n v e n t i o n a l  v o l t a g e  r e g u l a t i o n  was necessary  i f  b a t t e r i e s  w i t h  a  f l a t  

d i s c h a r g e  v o l t a g e  c h a r a c t e r i s t i c  were t o  be used, such as l e a d - a c i d  

o r  s i l v e r - z i n c .  S t r o n g l y  v a r y i n g  v o l t a g e s  under d i scharge ,  such as 

f e a t u r e d  by  a l k a l i n e  b a t t e r i e s ,  would cause n o n - t r i v i a l  problems. 

THE IMPROVED C L O C K  

The e x i s t i n g  o u t e r  magnet ic  s h i e l d  o f  t h e  u n i t  was p a r t i a l l y  r e -  

worked. The s h i e l d  was r e p o s i t i o n e d  t o  a l l o w  a t  l e a s t  seven m i l l i m e t e r  

d i s t a n c e  everywhere t o  t h e  i n n e r  s h i e l d ,  e s p e c i a l l y  a t  t h e  c r i t i c a l  

l o c a t i o n  o f  t h e  photo  d e t e c t o r .  A lso,  adequate o v e r l a p s  between t h e  

j o i n i n g  p o r t i o n s  o f  t h e  s h i e l d  were i n t r o d u c e d .  A t h i r d  magnet ic  

s h i e l d  was added and t h e  space between t h e  second and t h i r d  s h i e l d  

was f i l l e d  w i t h  foam. T h i s  l a t t e r  measure h i g h l y  reduces c o n v e c t i v e  

c o o l i n g  o f  t h e  u n i t  and f o r c e s  t h e  mount ing ( b a s e p l a t e )  t o  a c t  as t h e  

o n l y  s i g n i f i c a n t  h e a t  s i n k .  T h i s  reduces tempera tu re  g r a d i e n t s  w i t h i n  

t h e  u n i t  wh ich would depend on t h e  s t a t e  o f  a i r  c i r c u l a t i o n  around t h e  

u n i t  and a f f e c t  f requency  s t a b i  1 i t y  and f requency  accuracy.  The base- 

p l a t e  c o n f i g u r a t i o n ,  i . e . ,  t h e  l a y e r s  o f  magnet ic s h i e l d s  and t h e  base- 

p l a t e  i t s e l f ,  were j o i n e d  u s i n g  h e a t  c o n d u c t i v e  p a i n t .  The o n l y  open- 

i n g s  i n  t h e  o u t e r  magnet ic  s h i e l d  a r e  those f o r  t h e  w i r e s  of  t h e  neces- 

s a r y  s u p p l y  and c o n t r o l  v o l t a g e s  and a smal l  h o l e  t o  p r o v i d e  access t o  

t h e  t u n i n g  c a p a c i t o r  o f  t h e  c r y s t a l  o s c i l l a t o r .  To "harden" t h e  u n i t  

a g a i n s t  a c c e l e r a t i o n  and v i b r a t i o n ,  a l l  c r i t i c a l  w i r e s  and components 

were g l u e d  t o  t h e  c i r c u i t  board, a l s o ,  t h e  ad jus tmen t  p o t e n t i o m e t e r  

f o r  t h e  magnet ic  f i e l d  c u r r e n t  was r e p l a c e d  by a  f i x e d  r e s i s t o r  p r o v i d -  

i n g  an o f f s e t  f r o m  t h e  nominal  f requency  o f  severa l  p a r t s  i n  10 11 



I BAROMETRIC S E N S I T I V I T Y  

BOULDER +SEA LEVEL 
( - 0 . 8 a t m )  ( -1 .Oatm)  

( a )  ORIGINAL UNIT  + 1 . 5 ~ 1 0 - "  

( b )  SEALED UNIT  < t 2 ~ 1 0 - ' ~  

I 1  MAGNETIC F I E L D  S E N S I T I V I T Y  
(ORIENTATION I N  EARTH'S F I E L D )  

( a )  ORIGINAL UNIT 1 . 2 ~ 1 0 - ~ ~  WORST CASE 

( b )  SHIELDED UNIT  3 ~ 1 0 - ~ '  WORST CASE 

TABLE 1 

TEMPERATURE COMPENSATION 
V I A  C-F IELD CURRENT ADDITION 
(TEST-RANGE: 26'C TO 40°C AT BASEPLATE) 

1 .5K 613 580 562 

AV/V ( l o - ' * )  +7.2 , +1.7  - 0 . 1 4  - 0 . 8  
PER C 



The magnetic f i e l d  s e n s i t i v i t y  under the worst possible or ienta-  

t ion in the  e a r t h ' s  magnetic f i e l d  was reduced by the measures de- 
-1 2 

scribed above t o  3 x 10 to ta l  frequency change as  shown in Table 1.  

The commercial rubidium standard features  temperature compensation 

using current  addit ion in to  the internal  magnetic f i e l d  current  supply. 

This addit ional  current  i s  controlled by a ternperature sensor, i . e . ,  

the atomic frequency i s  changed magnetically t o  compensate f o r  tempera- 

tu re  induced frequency s h i f t s .  I n  a s e r i e s  of ternperature t e s t s  from 

26 " C  t o  40 " C  a t  the baseplate an optimum adjustment f o r  the control-  

l ing r e s i s t o r  was experimentally found. The uni t  was mounted on a heavy 

p la te  which was temperature s t ab i l i zed  using a commercial temperature 

con t ro l l e r .  These t e s t s  were carr ied  out with the complete uni t  f ea tu r -  

ing the new th i rd  magnetic shield as described above with wires leading 

out o f  the uni t  t o  allow quick subst i tu t ion of the r e s i s t o r .  Table 2 

gives the  r e s u l t  f o r  four d i f fe ren t  r e s i s t o r s .  1 . 5  k was the  original  

value supplied by the manufacturer. We can see t h a t  the temperature 

s e n s i t i v i t y  could be reduced by a fac to r  of about 50 by choosing a 

r e s i s t o r  of 580 62.  

Finally the uni t  was barometrically sealed using epoxy glue t o  

c lose  the small gaps in the outer  magnetic shie ld .  Thus, the outer  mag- 

ne t i c  shie ld  serves as a pressure container.  Though t h i s  act ion highly 

reduces the e f f ec t s  of barometric pressure changes (except f o r  residual 

f lexing of the walls of the magnetic shield under pressure changes), i t  

introduces a pressure problem via temperature f luctuat ion inside of the 

sealed case. T h e  pressure wil l  change by the sarne percentage by which ' 
(absolute)  temperature changes occur. Nevertheless, an advantage can be 

gained since barometric pressure changes of the order of 10% a r e  en- 

countered durinq typical t ransport  conditions whereas ternperature 
changes, i .  e.  , temperature induced pressure changes, of the order of one 

percent a r e  encountered. Especially in a laboratory environment improve- 

ments were expected t o  be s ign i f i can t  since the temperature i s  s tab le  to  
a f rac t ion  of a percent whereas barometric pressure changes due t o  weath- 

e r  re la ted  e f f ec t s  can be very s ign i f i can t  and be u p  t o  many percent. 



F igu re  3 demonstrates t h i s  d r a m a t i c a l l y .  Curve A i n  f i g .  3 

d e p i c t s  t h e  performance o f  t h e  u n i t  w i t h  a l l  m o d i f i c a t i o n s  i n s t a l l e d  

except  f o r  t h e  baromet r i c  sea l ing .  We see t h a t  t h e  f l i c k e r  l e v e l  has 

s u b s t a n t i a l l y  dropped, and t h a t  t h e  long- te rm s t a b i l i t y  (now 1 x 

f o r  T = 1 day) has improved as compared t o  f i g .  1. A r e l i a b l e  measure- 

ment o f  the d r i f t  performance o f  t h e  u n i t  cou ld  be done. The d r i f t  

was t y p i c a l l y  1  x 10-13/day, o r  l e s s  d u r i n g  a  p e r i o d  o f  many months.* 
-14 The baromet r i c  s e a l i n g  lowered t h e  f l i c k e r  f l o o r  t o  about 3 x 10 , 

which we b e l i e v e  i s  t h e  bes t  s t a b i l i t y  ever  measured w i t h  a  rub id ium 

standard. Table 1  shows t h e  r e d u c t i o n  i n  baromet r i c  s e n s i t i v i t y  f o r  

a change f rom 0.8 atm t o  1.0 atm corresponding t o  go ing f rom Boulder 

Colorado t o  sea l e v e l .  The o r i g i n a l  u n i t ,  w i t h  a l l  improvements 

except  f o r  baromet r i c  sea l ing ,  showed a change o f  1.5 x The 

sealed u n i t  showed an e f f e c t  o f  l e s s  than 2 x 10-12. 

The improved rub id i um frequency s tandard i s  mounted w i t h  i t s  

baseplate i n s i d e  an aluminum c a r r y i n g  case, thus  secur ing  adequate 

coo l i ng .  The o u t p u t  o f  t h e  s tandard i s  norma l l y  10 MHz. A d i v i d e r  

p rov ides  e x t e r n a l l y  a v a i l a b l e  5 MHz and 1 p u l s e l s  ou tpu ts .  Both 

ou tpu t s  a r e  b u f f e r e d  and can handle 50 R l oads  w i t h  a  1  v o l t  rms 

s i g n a l  f o r  5 MHz, and f o r  t h e  pu l se  a 5 v o l t  peak w i t h  10 ns r i s e  

t ime. A b a t t e r y  power pack was i n s t a l l e d  i n s i d e  t h e  case w i t h  a d iode 

d isconnect  c i r c u i t .  A r egu la ted  power supply, sw i t chab le  f o r  115 and 

230 V ,  supp l i es  t h e  s tandard and t h e  d i v i d e r  c i r c u i t  i f  t h e  u n i t  i s  

plugged i n t o  t h e  power l i ne :  Thus, no p recau t i on  i s  necessary i n  

connect ing o r  d isconnec t ing  f rom power l i n e  serv ice .  Both b a t t e r y  and 

l i n e  power supply  feed  t h e i r  vo l tages  t o  t h e  s tandard v i a  a 24.3 V 

r e g u l a t o r .  

* Dur ing  severa l  days f o l l o w i n g  a  c l o c k  t r i p ,  t h e  ac tua l  performance 

i s  somewhat worse than t h e  performance dep i c ted  i n  f i g .  3. 



The f i r s t  ba t tery  pack used was a  sealed lead-acid type which gave 

the  t o t a l  u n i t  a weight of 21 kg and 18 hours ba t tery  l i f e .  The weight 

of t h i s  u n i t  caused d i f f i c u l t i e s  in handling as carry-on luggage on a i r -  

planes. Therefore, the  lead-acid b a t t e r i e s  were replaced by s i lve r -z inc  

b a t t e r i e s ,  giving the  un i t  a  t o t a l  weight of 1 1  kg and 28 hours ba t tery  

l i f e .  This ba t t e ry  pack feeds about 31 V i n to  the  regula tor  during most 

of the  discharge with a  somewhat higher voltage during the  f i r s t  half 

hour and a rapid voltage drop a t  the  end of the  charge l i f e .  

I n i t i a l l y ,  the  s i lve r -z inc  b a t t e r i e s  were charged from a  b u i l t - i n  

power supply. Unfortunately, t h i s  so lu t ion  did n o t  stand u p  t o  actual 

service  and we had t o  go t o  external charging. The principal  reason f o r  

t h i s  i s  the  pecul iar  charge a n d  discharge c h a r a c t e r i s t i c  of s i lve r -z inc  

b a t t e r i e s  and a change of t h i s  c h a r a c t e r i s t i c  with time due t o  a mis- 

match between bat tery  type and charge current .*  The principal  f ea tu re  

of the  power supply i s  t h a t  i t  must disconnect t o t a l l y  any charge cur- 

r e n t  from the  b a t t e r i e s  when the  b a t t e r i e s  a r e  f u l l y  charged because a  

t r i c k l e  charge would lead t o  des t ruct ion  of the  s i lve r -z inc  b a t t e r i e s .  

I t  a l s o  has a t o t a l  cut -off  f ea tu re  which d i s c ~ n n e c t s  the b a t t e r i e s  from 

the  standard i f  the  ba t tery  voltage drops below a prese t  l e v e l .  This 

s tops the  clock,  b u t  pro tec ts  the  b a t t e r i e s  which would otherwise be 

destroyed. We plan t o  replace the  present ba t t e ry  s e t  by a "low cur ren t "  

s t y l e  which wi l l  allow us t o  use the  b u i l t - i n  automatic charging supply. 

Figure 4 shows a  photo of the  complete un i t .  A meter i s  provided 

in  the  u n i t  with s i x  switchable posi t ions which allow the  reading of the  

regula tor  input voltage,  the  regula tor  o u t p u t  vol tage,  the  ba t tery  vol t -  

age, the  ba t tery  charge-discharge cur ren t ,  the  crys ta l  o s c i l l a t o r  servo 

voltage i n  the  standard,  and the  l i g h t  i n t e n s i t y  nionitor voltage in the  
standard.  Also, a l o c k  indica t ion  i s  provided. 

* The s i lve r -z inc  b a t t e r i e s  wil l  be gradually destroyed i f  charged by 
a  too low current .  Our type of ba t tery  was a "high current"  design 
(unknown t o  us)  and demanded :, 1 . 5  A charge cur ren t ,  whereas our power 
supply furnished about 0 . 3  A .  



OPTIMUM USE OF CLOCK T R I P  DATA 

A d e f i n i t i o n  o f  c l o c k  t r a n s p o r t  c o n d i t i o n s  and terms i s  g i ven  i n  

f i g .  5. C lock t r a n s p o r t  occurs  f rom A t o  B and, i f  poss ib l e ,  back t o  

A.  The t ime  e lapsed on t h e  t r i p  from A t o  B i s  TAB and co r respond ing l y  

t h e  t ime  f rom B t o  A  i s  TBA. The a c t u a l  t ime  spent by t h e  c l o c k  a t  

l o c a t i o n  B i s  TB. The change i n . t h e  t ime  read ing  of t h e  c l o c k  a t  l o c a -  

t i o n  B w i t h  r espec t  t o  t h e  c l o c k  a t  B i s  A t g g -  The s o - c a l l e d  ' ' c losure"  

i s  atAA, i . e . ,  t h e  d i f f e r e n c e  o f  t h e  c l o c k  r ead ing  when i t  r e t u r n s  t o  

l o c a t i o n  A  w i t h  r espec t  t o  t h e  c l o c k  a t  A. 

The most s imp le  assessment o f  a  c l o c k  t r i p  would make use o n l y  o f  

AtAA. An assessment o f  t h e  e r r o r  o r  u n c e r t a i n t y  of t h e  c l o c k  compari-  

son i s  then  t h e  d i f f e r e n c e  between t h e  measurement va lue  o f  A t A A  and 

t h e  va lue  f o r  atAA as p r e d i c t e d  from t h e  r a t e  o f  t h e  c l o c k  a t  A before 

l eav i ng .  I n  a  r o u n d - t r i p ,  however, more da ta  a re  u s u a l l y  a v a i l a b l e  and 

can be used t o  a r r i v e  a t  a b e t t e r  es t ima te  o f  t h e  t ime  d i f f e r e n c e s  o f  

t h e  c l o c k s  a t  A  and 0 .  F igu re  6 i l l u s t r a t e s  t h i s .  P l o t t e d  a r e  t h e  

f r a c t i o n a l  f requency o f f s e t s  y o f  t h e  p o r t a b l e  c l o c k  as a  f u n c t i o n  o f  

r e a l  t ime  a t  t h e  va r i ous  l o c a t i o n s  and d u r i n g  t h e  t r i p .  The c l o c k  has 

an average r a t e  yd a t  l o c a t i o n  A before i t  leaves.  I f  I3 i s  a l s o  a 

t ime-keeping l a b o r a t o r y  w i t h  high-performance s tandards,  i . e . ,  c l a c k  A 

and c l o c k  B a r e  a t  about t h e  same r a t e ,  then a  p r e c i s e  r ead ing  o f  t h e  

p o r t a b l e  c l o c k  f requency a t  B can be made l e a d i n g  t o  t h e  va lue  yg 

(yB = AtBB/TB).  Upon r e t u r n  t o  A  t h e  c l o c k  w i l l  show t h e  frequency y i l  

which u s u a l l y  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  o r i g i n a l  r a t e  

yi\. The average f requency f o r  t h e  combined t r i p  t ime  TAB and TBA can 

then  be c a l c u l a t e d  f rom t h e  f o l l o w i n g  equa t ion  



This equation is ,  of course, only accurate t o  the degree of va l id i ty  of 

the  measurement of Atgg o r  y g .  In other words we have t o  assume t h a t  

the frequency or  r a t e  of the clocks a t  location B i s  not much d i f f e r -  

ent  than those a t  A .  This requirement i s  not too s t r ingen t  because 

the  requirement on our knowledge of the clocks a t  B in f rac t ional  f r e -  

quency is  the same as our requirement on the frequency of the portable 

clock during the tr ip time. Since '10-l2 corresponds t o  0.1 us in about 

1 day t r i p  time, a knowledge of the frequency of the clocks a t  B to  

1 x lo-'' i s  t o t a l l y  adequate fo r  mast clock t r i p  purposes. In f a c t ,  

f o r  precision time laborator ies  t h i s  i s  a near t r i v i a l  requirement be- 
-1 2 cause typ ica l ly  the  r a t e  i s  known t o  much be t t e r  than 1 x 10  . 

A yB can then be used t o  predict  the  time reading of laboratory A 

a t  the time o f  a r r iva l  of the portable clock a t  B and the reading of 

laboratory B a t  the  time of a r r iva l  of the clock back in laboratory A .  

The time di f ference between laboratory A and B fo r  the f i r s t  leg of- 

the  clock t r ip  i s  (tA-tg)AB, and i t  i s  (tA-tg)BA f o r  the second l eg  

o f  the clock t r i p .  A change in clock behavior and/or in the  two 

t r i p  conditions would cause an e r ro r  term. Obviously the e r ro r  term 

can be estimated from the difference At: , of the time readings be- 

tween laborator ies  A and B obtained f r o m  the two legs o f  the clock t r i p .  
A The following equation gives an estimate o f  the e r ro r  of A t 8 .  

sat: = I(tA-tglAB - (tA-tg)BA 1 + const.  

Of course the f i r s t  term in the equation will tend to  be non-zero i f  

there i s  a  r a t e  d i f ference between clocks A and  B. I f  the r a t e  d i f f e r -  

ence i s  s i gn i f i c an t ,  i t  s h o u l d  be accounted f o r  before the e r ro r  assess-  

ment. In this equation we added a constant since the di f ference in the 

time di f ferences  could be small fo r tu i tous ly .  Thus the constant includes 

an est imate o f  the fundamental s t a b i l i t y  performance of the clock (ex -  

cluding t r i p  induced frequency changes), as well as an estimate o f  the 
uncertainty in the ra tes  of  clocks a t  A and 8 i f  the two legs of the 

clock tr ip a r e  f a r  apar t  in time. If only one l eg  of the clock t r i p  i s  



successfu l  an improved es t imate  of  ( t A - t g ) A B  o r  ( t A - t g ) B A  and t h e  
n 

assoc ia ted  e r r o r  6 ~ t :  can s t i l l  be made us ing  t h e  c l o c k  r a t e s  yB a t  

B and y,i and/or y i '  a t  A. 
CONCLUSIONS 

A l i s t  o f  c l o c k  t r i p s  c a r r i e d  o u t  d u r i n g  1975 i s  g iven  i n  Table 3. 

Four c l o c k  t r i p s  were done t o  t he  U. S .  Naval Observatory i n  Washington, 

DC; two o f  which were complete round - t r i ps .  One t r i p  was c a r r i e d  o u t  

t o  t h e  Bureau I n t e r n a t i o n a l  de 1'Heure (BIH).  Th is  was o n l y  a one-way 

t r i p  s i n c e  t he  r e t u r n  t r i p  was n o t  usable because of problems due t o  

s h o r t i n g  b a t t e r i e s .  F i n a l l y ,  a  t r i p  t o  t h e  Hewlett-Packard Company 

was c a r r i e d  ou t .  Th i s  t r i p  was a r o u n d - t r i p ;  however, t h e  da ta  f rom 

the  r e t u r n  t r i p  were n o t  used due t o  a servo system problem i n  t h e  

rub id i um standard i t s e l f .  The f i r s t  t r i p  t o  t h e  USNO i n  May 1975 

f e a t u r e d  t h e  c l o c k  package w i t h  l ead -ac id  b a t t e r i e s .  All o t h e r  c l o c k  

t r i p s  were made w i t h  t he  s i l v e r - z i n c  b a t t e r y .  The t a b l e  g i ves  t h e  

approximate t r i p  t ime  i n  hours and t h e  measured t ime d i f f e r e n c e  be- 

tween t h e  t ime  s c a l e  o f  t h e  l a b o r a t o r i e s  and UTC(NBS). F i n a l l y ,  t h e  

l a s t  column g ives  t h e  es t imated  u n c e r t a i n t y  o f  t he  t ime comparison. 

The use o f  a l l  a v a i l a b l e  da ta  f rom measurements a t  l a b o r a t o r i e s  A 

and B a l l ows  a  r e d u c t i o n  i n  t h e  u n c e r t a i n t y  o f  t h e  t ime  measurement. 

The c l o c k  package i s  smal l  enough t h a t  i t  cou ld  be shipped by p r i o r i t y  

a i r  f r e i g h t .  On t r i p s  w i t h i n  t h e  US and t o  Europe we never d i d  

encounter any se r i ous  d i f f i c u l t i e s  w i t h  t he  c l o c k  be ing  handled as 

ca r r y -on  luggage; n o t  even t h e  a i r p o r t  s e c u r i t y  posed any s i g n i f i c a n t  

problems. M o d i f i c a t i o n s  o f  t h e  b a t t e r y  package a re  obvious. For  

s h o r t e r  t r i p s  o f  up t o  severa l  hours, l ead -ac id  b a t t e r i e s  may s t i l l  be 

t h e  c o r r e c t  cho ice  because o f  t h e i r  comparat ive cheapness and r e l i -  

a b i l i t y .  I f  we igh t  counts and s h o r t  c l o c k  t r i p s  a r e  o n l y  env is ioned,  

then a smal l  s i l v e r - z i n c  b a t t e r y  may be used w i t h  advantage r e -  

duc ing  t h e  we igh t  by an a d d i t i o n a l  severa l  kg. A l a r g e r  b a t t e r y  i s  pos- 

s i b l e  f o r '  up t o  f o r t y  hours o f  b a t t e r y  ope ra t i on  i n c r e a s i n g  t h e  we igh t  

o f  t h e  p o r t a b l e  c l o c k  t o  n o t  more than  15 kg. 
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CLOCKTRIPS 

USNO 116117 JULY 7 5  1 8 1 I 7 

USNO 30131 JULY 7 5  7 1 
USNO 26 /27  SiPT 75 1 6 1 
BIH(0P) 2 7 / 2 8  SEPT 75 / IX I 
HP / 9 / 2 1  NO" 75 5 (5) 1 

USNO - US NAVAL OBSERVATORY 

BI i l (0P)  BUREAU I N I E K N A A I T O N A L  de 1 R ( P A  OBllRVAiORY) 

HP = HEWLETT PACKAKO COMPANY 



FIGURE 1. Time-Domain Stability of a Commercial Rubidium Standard. 



VOLTAGE 

FIBIJRE 2 .  Frequency Change a s  a Funct ion of  Supply Voltage for t h e  
Commercial Rubidium Standard. 



FIGURE 3. Time-Domain Frequency S t a b i l i t y  of the Improved Unit. 

curve A Improved magnetic shielding and  
temperature compensation. 

curve B Improved magnetic shie lding,  temperature 
compensation and  barometric sealing.  

A frequency d r i f t  of approximately 1 x 10-I per day i s  removed 
from the data.  
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FIGURE 6. Best tlse of Data from a Clcck P o u n d - T r i p .  

y = f r a c t i o n a l  f r e q u e n c y .  

T = t r i p  t i t ~ ~ e s .  

A t A A  = accumulated t i m e  r e a d i n g  of  the p o r t a b l e  clock 
fro11.1 l e a v i n g  A and iioor.1 i - e t u r r - ~ i n q  t o  i-\. 

AtBB = accumulated time r - e a d - i n g  o f  t.he p o r t a b l e  ciock 
between a r r i v a l  a n d  deuartdre a t  B .  

A ,:,?tg = tirrle erri:r f o r  a c l o c k  t r?r)  A to D 01- 13 t o  A. 



QUESTION AND ANSWER PERIOD 

I MR. KRUTENAT : 

Bob K r u t e n a t ,  Naval Torpedo S t a t i o n .  

We a r e  b u i l d i n g  s i x  of these u n i t s  o r  s i x  p o r t a b l e  u n i t s  
u s i n g  t h e  rubidium s t a n d a r d  t o  be  manhandled aboard  ASW 
a i r c r a f t  and submar ines .  Do you have any i n f o r m a t i o n  on t h e  
s e n s i t i v i t y  t o  shock o r  v i b r a t i o n ?  

DR. HELLWIG 

I s h o u l d  s imply  s a y  t h a t  I d o n ' t  p r e s e n t l y ,  I d o n ' t  have 
d a t a  on t h a t .  I d o n ' t  t h i n k  it i s  v e r y  bad s h o r t  of f a l l i n g  
o u t  of l o c k  and s u r v i v a l  problems.  B u t ,  t h e r e  a r e  p e o p l e  
i n  the aud ience  who c o u l d  answer t h a t ,  I t h i n k .  Would any- 
one l i k e  t o  answer t h i s  q u e s t i o n ?  

1 MR. BADURA H E I N Z :  

I M r .  Heinz ,  Efratom. 

W e  a r e  a c t u a l l y  t h e  manufac tu re r  o f  a s m a l l  c l o c k  which was 
s u p p l i e d  o v e r  t o  a Naval t o r p e d o  s t a t i o n  and w e  a c t u a l l y  
have n o t  been asked t o  supp ly  s u f f i c i e n t  d a t a  o n  shock and 
v i b r a t i o n ,  b u t  w e  have r u n ,  of c o u r s e ,  s e v e r a l  t es t s  w i t h  
approved l a b o r a t o r i e s  t o  t h e  same s p e c i f i c a t i o n s  n o r m a l l y ,  
cesium is s p e c i f i e d .  W e  passed  all t h e s e  t e s t s .  I n  add i -  
t i o n ,  of  c o u r s e ,  w e  had been do ing  some r e s e a r c h  i n  connec- 
t i o n  w i t h  GPS programs and t h e  u n i t  is such  i t  w i l l  s u r v i v e  
p r y s i c a l l y  any requ i rement  which is  s p e c i f i e d  h e r e i n ,  s o  i t  
is j u s t  a m a t t e r ,  a c t u a l l y ,  of  l e t  u s  s a y  shock mounting 
p r o p e r l y ,  that you can  u s e  t h e  u n i t  f o r  your r e q u i r e m e n t s ,  
which a r e  n o t  t h a t  s e v e r e .  

T h i s  is  b o t h  v a l i d  f o r  v i b r a t i o n  r e q u i r e m e n t s  and f o r  shock 
r e q u i r e m e n t s .  

MR. LUCK: 

Luck, N a t i o n a l  Mapping. 

I w h o l e h e a r t e d l y  e n d o r s e  M r .  W a i n w r i g h t ' s  c l o s i n g  remarks .  
Would it  be p o s s i b l e  t o  have some p r e l i m i n a r y  e s t i m a t e  of  
t h e  c o s t  of producing such  a machine commercial ly? 



DR. HELLWIG: 

A s  e s t i m a t e d ,  you a r e  t a l k i n g  b a s i c a l l y  on t h e  c l o c k ,  
a c q u i s i t i o n  of p a r t s  on  t h e  o r d e r  o f  $ 5 , 0 0 0 . 0 0 .  I f  you 
b u i l d  y o u r s e l f  t h e  power s u p p l y ,  c a s e ,  and s o  o n ,  t h e  
mater ia ls  cos t  -- i t  depends  on what b a t t e r y ,  b a t t e r i e s  
a re  t h e  b i g g e s t  t h i n g .  The s i l v e r  z i n c  b a t t e r y  p a c k  i n  
t h i s  c l o c k  h a s  a v a l u e  of a b o u t  -- I s h o u l d n ' t  s a y  t h a t ,  
o t h e r w i s e  somebody s t e a l s  i t  b e c a u s e  t h e  main v a l u e  is  
s i l v e r  -- is a b o u t  $ 1 , 2 0 0 . 0 0 .  T h a t  i s  e a s y  t o  s e l l .  A 
r u b i d i u m  c l o c k  is  n o t  a s  e a s y  t o  s e l l .  

S o ,  you a r e  t a l k i n g ,  maybe, i l  you b u i l d  i t  y o u r s e l f ,  a 
t o t a l  o f ,  a t  m o s t ,  $ 7 , 0 0 0 . 0 0 .  If somebody w a n t s  t o  make 
a p r o f i t  t h e r e  is t i m e  f o r  t e s t i n g ,  f o r  o p t i m i z i n g  t h e  
t e m p e r a t u r e  f e e d b a c k  and t h i n g s  l i k e  t h a t ,  my g u e s s  i s  t h a t  
I t h i n k  a commerc ja l  u n i t  o f  t h a t  s o r t  s h o u l d  c o s t  s t i l l  
less  t h a n  $10K. 

MR. BLOCK: 

M r .  M a r t i n  G l o c k ,  Frequency  E l e c t r o n i c s .  

Helmut ,  w e  have  had t e r r i b l e  e x p e r i e n c e s  i n  u n a t t e n d e d  
c l o c k  t r a n s p o r t  by  commerc ia l  a i r b c r a f t  and I t h i n k  b e f o r e  
you a t t e m p t  i t ,  you m i - g h t  i n v e s t i g a t e  t h a t  t h e r e  a r e  two 
phenomena t h a t  t h e  a i r l i n e s  d o n ' t  t e l l  you. One i s  t h a t  
t h e  p r e s s u r e  i n  t h e  charnber somet imes  g o e s  t o  5 0 , 0 0 0  f e e t  

0 
and t h e  t e m p e r a t u r e  t y p i c a l l y  i s  a.t; 0 C e n t i g r a d e  and 
somet imes  g o e s  u s  low as -40 and i n  20 a t t e m p t s  of un- 
a t t e n d e d  between h e r e  and 1,. A .  w e  have  t h r e e  s u c c e s s f u l  
s h i p m e n t s  o f  c l o c k  t h a t  t h e  b a . t t e r i c s :  s u r v i v e d  wi thou- t  
g o i n g  t o  z e r o  b e c a u s e  a l l  o f  t h e  b a t t c r i e s '  c a p a c i t y  a t  
-40 go t o  a b o u t  2 p e r c e n t  of t h c  n o r m a l  c a . p a c i t y .  5 0 :  I 
would r e a l l y  check t h i s  thoroughly b e f o r e  s t a r t i n g  i t .  

D R .  HELLWIG: 

You s t a t e d  o n e  o f  t h e  r e a s o n s  why w e  h a v e n ' t  t r i e d  i t  y e t ,  
b e c a u s e  I wanted  t o  b r i n x  it h e r e .  Le t  m e  s a y ,  i f  I s a y  
by p r i o r i t y  a i r  f r e i g h t .  we a r e  e n v i s i o n i n g  t r a n s p o r t  or 
t h e  c l o c k  i n  the c a b i n  i n  t h e  c o c k p i t  b y  c a r r y i n g  on by  t h e  
c rew.  A i r l i n e s  a r e  w i l l i n g ,  a t  some premium, t o  do t h a t  -- 
some a i r l i n e s .  T h i s  i s  t h e  way t o  g o ,  e s p e c i a l l y  i f  y o u  
t e l l  the p i l o t ,  you know,  it i s  n i c e  and  he  might  improve 
h i s  own t i m e  r e a d i n g s  and n a v i g a t e  b e t t e r .  



D R .  VESSOT: 

We r a n  i n t o  a  h i l l  o f  f l a k  when w e  d e c i d e d  t o  s e n d  an 
a t o m i c  hydrogen  maser t o  S p a i n  i n  a  commerc ia l  a i r  c a r r i e r  
which I was t o  board.  We s o l v e d  t h e  problem by c a l l i n g  i t  
a c l o c k .  R u t ,  t h e r e  a r e  o t h e r  p rob lems  w e  d i d n ' t  s o l v e .  
We wanted  t o  s h i p  i t  w h i l e  i t  was o p e r a t i n g  and  t h e y  d i d n ' t  
want b a t t e r i e s  on b o a r d  and I have  a  f e e l i n g  t h a t  t h e  c a r -  
riers are l i k e l y  t o  g e t  u p t i g h t  i f  t h e y  u n d e r s t a n d  t h a t  
t h e r e  a r e  a few J o u l e s .  I d o n ' t  know how many J o u l e s  of  
e n e r g y ,  i n  a b a t t e r y  t h a t  is b e i n g  l e f t  u n a t t e n d e d  t h a t  
c o u l d  b e  c o n s i d e r e d  d a n g e r o u s  c a r g o  i f  a s h o r t  s h o u l d  
o c c u r .  

T h i s  is one  of  t h e  p o l i t i c a l  p rob lems  I t h i n k  w e  a l l  have  
t o  s o l v e .  I n  f a c t ,  it is  no more d a n g e r o u s  t h a n  some o t h e r  
t h i n g s  t h a t  I know a r e  b e i n g  s h i p p e d .  I t h i n k  t h e r e  i s  
room f o r  some work h e r e .  

DR.  HELLWIG: 

I t h i n k  you p o i n t  o u t  a  v e r y  s e v e r e  problem and I j u s t  
t h i n k  what w e  have  t o  have  is some s o r t  o f  an  a c c i d e n t  
w i t h  one  o f  t h o s e  c l o c k s  t o  wipe o u t  o u r  a b i l i t y  t o  com- 
p a r e  t i m e  b e c a u s e  t h e  problem you a r e  s t a t i n g  i.s n o t  u n i q u e  
t o  t h a t  t h i n g .  I t  is  u n i q u e  t o  a l l  c l o c k s ,  t r a d i t i o n a l  
c e s i u m ,  o r  w h a t e v e r  you d o .  We have r u n  i n t o ,  s o  f a r ,  
o n l y  t h e  problem of n o t  h a v i n g  t h e  f reedom t o  u s e  mercury  
b a t t e r i e s  which would have an  even  b e t t e r  w e i g h t  t o  power 
r a t i o ,  t hough  n o t  r e c h a r g e a b l e .  

So f a r ,  w e  d i d n ' t  r u n  i n t o  o p p o s i t i o n  w i t h  t h e  t h i n g  which 
h a s  a red l i g h t  on and which  o b v i o u s l y  c a r r i e d  b a t t e r i e s .  
D r .  W i n k l e r ,  do you have any comment on t h i s ?  

D R .  W INKLER 

My o n l y  comment is t h a t  o n e  c a n n o t  t a k e  a n y t h i n g  f o r  
g r a n t e d .  One c a n n o t  t a k e  f o r  g r a n t e d  t h a t  t h e  b a t t e r y  
s u p p l y  w i l l  work.  A s  you c a n  s e e ,  t h i s  is  j u s t  u n d e r l i n i n g  
what w e  s a i d  t h i s  morning .  I t h i n k  t h a t  NBS ough t  t o  open  
up a s e c t i o n o n p o w e r  s u p p l i e s i n o r d e r t o b y p a s s t h i s l i m i t a t i ~ n  
i n  p r e c i s i o n .  



I t  is  and  r e m a i n s  our  most  d i f f i c u l t  b o t t l e n e c k ,  p r o v i s i o n  
of p r i m a r y  power, and you are q u i t e  r i g h t  i n  p o i n t i n g  o u t  
t h a t  w e  may endange r  o u r  c a p a b i l i t y  t o  make any c l o c k  t r i p ' s  
and  I would c a u t i o n  everybody h e r e  t o  do h i s  u tmos t  i n  p re -  
v e n t i n g  such  an a c c i d e n t .  I t a k e  a  d i m  v iew of s e n d i n g  
c l o c k s  u n a t t e n d e d .  

D R .  HELLWIG: 

T h e r e  is one  way o u t .  I j u s t  found o u t  t h e r e  is  an i n -  
c r e a s i n g ,  a p p a r e n t l y ,  i n c r e a s i n g  marke t  f o r  s p e c i a l i z e d  
s m a l l  package  a i r  f r e i g h t  b u s i n e s s e s  who would h a n d l e  your  
c l o c k  l i k e  a  p a s s e n g e r  on s m a l l  a i - r c r a f t  which j u s t  c a r r y  
f r e i g h t ,  q u i c k  d e l i v e r y  w i t h i n  24 h o u r s ,  of p a c k a g e s  and I 
i n t e n d  t o  e x p l o r e  t h a t  b e f o r e  w e  g e t  it i n t o  p a s s e n g e r  a i r -  
c r a f t  c o c k p i t s .  

DR.  W INKLER : 

The p o i n t  is t h a t  w e  do  n o t  have  t h e  i n s t r u c t i o n s  i n  c a s e  
of an emergency.  If  you s e n d  a t e c h n i c i a n  who is  t r a i n e d  
i n  h a n d l i n g  s u c h  a t h i n g ,  a t  l eas t  he  h a s  some i d e a  what t o  
do .  To open up t h e  s h o r t  a s  q u i c k l y  as  p o s s i b l e .  I f  it 
i s  a  s t e w a r d  o r  s t e w a r d e s s ,  h e  would be c o m p l e t e l y  h e l p l e s s  
I f  t h e y  had a  f i r e  on b o a r d ,  t h a t  would be  t h e  end  of  o u r  
b u s i n e s s .  

DR.  HELLWIG: T h a t  i s  r i g h t .  I t h i n k  t h a t  is  a warn ing  w e  
s h o u l d  a l l  t a k e  t o  h e a r t .  




