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ABSTRACT 

Based on a comnerc ia l ly  a v a i l a b l e  rub id ium standard the  
Nat ional  Bureau o f  Standards (NBS) developed a po r tab le  rub id ium 
clock.  Technical mod i f i ca t i ons  which reduce the s e n s i t i v i t y  
aga ins t  temperature, magnetic environment, and barometr ic 
changes a l l ow  s t a b i l i t i e s  i n  the  range under t y p i c a l  
c lock  t ranspor t  cond i t ions .  Under l abo ra to ry  cond i t ions  the  
c lock  shows a best  s t a b i l i t y  o f  3 pa r t s  i n  1014 . Clock pack- 
ages based on sealed lead-ac id b a t t e r i e s  f e a t u r i n g  a t o t a l  
weight o f  21 kg and 18 hours b a t t e r y  operat ion were tested; an 
improved c lock  package was r e a l i z e d  us ing 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 weight and 28 hours b a t t e r y  operat ion.  Reports o f  
several  c lock  t r i p s  t o  the U.S. Naval Observatory and o f  one 
c lock  t r i p  each t o  the  Bureau In te rna t i ona l  de 1'Heure i n  Pa r i s  
and t o  the  Hewlett-Packard Company i n  Santa Clara, C a l i f o r n i a  
a re  reported. Time t ranspor t  p rec is ions  o f  .02 CIS have been 
obtained. Special  aspects o f  the c lock  mod i f i ca t i ons  and the 
opera t ing  c h a r a c t e r i s t i c s  a re  discussed, as we l l  as an opt imal 
use o f  t he  data o f  a c lock  round- t r ip .  

INTRODUCTION 
For t ime comparisons w i t h  p rec is ions  o f  b e t t e r  than a few LIS be- 

tween d i s t a n t  loca t ions ,  cesium c locks are  used exc lus i ve l y  a t  present.  
The use o f  these devices i s  n o t  w i thout  cons t ra in t s  due t o  t h e i r  s i z e  as 

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

ab le  and po r tab le  b a t t e r y  power suppl ies cesium c locks must be powered, 
from o u t l e t s  on the  a i rp lane  on any t ranscont inenta l  o r  i n t e r c o n t i n e n t a l  

t r i p  and the  purchase o f  a separate seat i s  necessary. As a r e s u l t ,  
cesium c locks  n o t  on l y  pose cos t  and l o g i s t i c s  problems, b u t  a l so  
a f f e c t  the r e l i a b i l i t y  o f  t ime comparisons. Comnercial cesium c locks 
a re  under development which promise reduc t ion  o f  the  above problems; 
never the less , i t  appeared prudent t o  explore the p o s s i b i l i t i e s  o f  small 
c o m e r c i a l l y  a v a i l a b l e  rub id ium standards which o f f e r  the  p o t e n t i a l  of 
very small c lock  packages. Even mai lab le  c locks appear feas ib le .  
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THE BASIC RUBIDIUM STANDARD 
Small rub id ium standards a r e  now commercial ly ava i lab le .  A u n i t  

was se lected f e a t u r i n g  about 1 R volume (approximately 10 x 10 x 10 cm) 

and a weight o f  about 1 kg. The bas ic  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 re  depic ted i n  f i g .  7 .  The frequency s t a b i l -  
i t y  o f  t h e  c l o c k  can be descr ibed by* u (T) = 6 x 10 

12 f l i c k e r  f l o o r  o f  3 x 10-13,and a long term s t a b i l i t y  o f  about 3 x 10- 
a t  'I = 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  

frequency s t a b i l i t y  requirement can be s t a t e d  as u (T=T) c 10 
where T i s  t h e  i n t e r v a l  i n  seconds between t h e  t ime comparison a t  two 
remote l o c a t i o n s  ( t r i p  t ime).  From t h i s  equat ion and f i g .  1 i t  i s  
c l e a r  t h a t  t h e  rub id ium 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 ps f o r  t r i p  t imes o u t  t o  many hours. 

I t  i s  t h e r e f o r e  obvious t h a t  environmental e f f e c t s  a r e  o f  pr imary con- 
cern. For long c lock  t r i p s  poss ib le  frequency d r i i f t s  could be s i g n i f i -  

cant;. Clock t r i p s  take t y p i c a l l y  l e s s  than 18 hours. Environmental ly 

induced frequency changes should t h e r e f o r e  be i n d i i v i d u a l l y  i n  t h e  lo-' '  
range, o r  they should be ca lcu lab le .  
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On a t r i p  t h e  c l o c k  encounters th ree  major environmental changes: 

a )  magnetic f i e l d ;  b) temperature; c )  barometr ic pressure,. The perform- 

ance o f  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  aga ins t  these changes. 

For atomic frequency standards, frequency 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  magnetic f i e l d  e f f e c t s .  The perlCormance o f  t h e  u n i t  

under t e s t  was: a )  p o s i t i o n  (magnetic f i e l d ) :  1.2 x 10-l ' worst  case 

i n  t h e  e a r t h  magnetic 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)temperature: about 7 x per  "C i n  t h e  
range o f  26-40 "C baseplate temperature; c)baromeltric pressure, p a r t s  
i n  10 from atmospheric pressure t o  vacuum. It was suspected t h a t  t h e  
barometr ic 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 rad ien t  e f f e c t s ,  and t h a t  t h e  barometr ic s e n s i t i v i t y  would be 

9 

much l e s s  around atmospheric pressure. 
* o"(T) i s  t h e  square r o o t  o f  the  two sample var iance o f  f r a c t i o n a l  

J 

frequency f l u c t u a t i o n s .  T i s  t h e  sample t ime measured i n  seconds. 
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We there fore  decided t o  reduce only the magnetic 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 he  barometr ic s e n s i t i v i t y  around 
atmospheric pressure would pose no major problems. 

I n  view o f  the  need t o  prov ide the  c lock  w i t h  a po r tab le  b a t t e r y  

power pack the  s e n s i t i v i t y  o f  the  frequency aga ins t  supply vo l tage 
changes was o f  i n t e r e s t .  F igure 2 shows t h i s  s e n s i t i v i t y  which can be 
descr ibed by about 5 x 10-l' per  v o l t .  Therefore, on l y  a r e l a t i v e l y  

convent ional  vo l tage 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 ischarge vo l tage c h a r a c t e r i s t i c  were t o  be used, such as lead-ac id 
o r  s i l v e r - z i n c ,  S t rong ly  vary ing  vol tages under discharge, such as 
featured by a1 k a l i n e  ba t te r i es ,  would cause n o n - t r i v i a l  problems. 

THE IMPROVED CLOCK 
The e x i s t i n g  ou ter  magnetic s h i e l d  o f  the  u n i t  was p a r t i a l l y  re -  

worked. The s h i e l d  was repos i t ioned t o  a l l ow  a t  l e a s t  seven m i l l i m e t e r  
d is tance everywhere t o  the  i nne r  sh ie ld ,  espec ia l l y  a t  the  c r i t i c a l  

l o c a t i o n  of the  photo detector .  
j o i n i n g  po r t i ons  o f  t he  s h i e l d  were introduced. 
s h i e l d  was added and the  space between the  second and t h i r d  s h i e l d  

Also, adequate over laps between the 
A t h i r d  magnetic 

was f i l l e d  w i t h  foam. 
coo l i ng  o f  the  u n i t  and forces the mounting (baseplate) t o  a c t  as the 
on ly  s i g n i f i c a n t  heat s ink.  This reduces temperature gradients  w i t h i n  
the  u n i t  which would depend on the s t a t e  o f  a i r  c i r c u l a t i o n  around the 
u n i t  and a f f e c t  frequency s t a b i l i t y  and frequency accuracy. The base- 

p l a t e  conf igura t ion ,  i.e., the  l aye rs  o f  magnetic sh ie lds  and the base- 
p l a t e  i t s e l f ,  were j o i n e d  us ing heat conduct ive pa in t .  The on ly  open- 

ings  i n  the  ou ter  magnetic s h i e l d  a re  those f o r  the wi res o f  the  neces- 
sary supply and c o n t r o l  vol tages and a small ho le t o  prov ide access t o  

the  tun ing  capac i to r  o f  the  c r y s t a l  o s c i l l a t o r .  To "harden" the u n i t  
aga ins t  acce le ra t i on  and v ib ra t i on ,  a l l  c r i t i c a l  wi res and components 

were glued t o  the  c i r c u i t  board, a lso,  the adjustment potent iometer 

This  l a t t e r  measure h i g h l y  reduces convect ive 

f o r  the  magnetic f 

i n g  an o f f s e t  from 

e l d  cu r ren t  was replaced by a f i x e d  r e s i s t o r  prov 

the nominal frequency o f  several p a r t s  i n  10 11 
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I BAROMETRIC SENSITIVITY 
BOULDER - SEA LEVEL 
(-0.8 atm) (-1.0 atm) 

R(Q) 

( a )  ORIGINAL UNIT + 1.5X10-" 
(b )  SEALED UNIT < + 2 X 1 O - l 2  

I 1  MAGNETIC F IELD SENSITIVITY 
(ORIENTATION IN EARTH'S FIELD) 

( a )  ORIGINAL UNIT 1 . 2 x i o - ~ ~  WORST CASE 

(b )  SHIELDED UNIT 3X1O-l2 WORST CASE 

1.5K 613 580 5 6 2  

TABLE 1 

AV/V ( l o - ' * )  I +7.2 1 +1.7 1-0.14 1-0.8 
PER C 

TABLE 2 
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The magnetic f i e l d  s e n s i t i v i t y  under the  worst  poss ib le  o r i en ta -  
t i o n  i n  the  e a r t h ' s  magnetic f i e l d  was reduced by the  measures de- 
sc r ibed above t o  3 x 10-12total  frequency change as shown i n  Table l. 
The comnercial rub id ium standard fea tures  temperature compensation 

us ing c u r r e n t  a d d i t i o n  i n t o  the  i n t e r n a l  magnetic f i e l d  cu r ren t  supply. 
This a d d i t i o n a l  cu r ren t  i s  c o n t r o l l e d  by a temperature sensor, i .e . ,  

the atomic frequency i s  changed magnet ica l l y  t o  compensate f o r  tempera- 
t u r e  induced frequency s h i f t s .  I n  a se r ies  o f  temperature t e s t s  from 

26 "C t o  40 "C a t  the  baseplate an optimum adjustment f o r  the  c o n t r o l -  
l i n g  r e s i s t o r  was exper imenta l ly  found. The u n i t  was mounted on a heavy 
p l a t e  which was temperature s t a b i l i z e d  us ing a comnercial temperature 
c o n t r o l l e r .  These t e s t s  were c a r r i e d  o u t  w i t h  the  complete u n i t  f e a t u r -  
i n g  the  new t h i r d  magnetic s h i e l d  as descr ibed above w i t h  wi res lead ing  

ou t  o f  the  u n i t  t o  a l l o w  qu ick  s u b s t i t u t i o n  o f  the  r e s i s t o r .  Table 2 

g ives the  r e s u l t  f o r  f o u r  d i f f e r e n t  r e s i s t o r s .  1.5 k was the  o r i g i n a l  

value supp l ied  by the  manufacturer. We can see t h a t  the  temperature 
s e n s i t i v i t y  cou ld  be reduced by a f a c t o r  o f  about 50 by choosing a 

r e s i s t o r  o f  580 R. 
F i n a l l y  the  u n i t  was ba romet r i ca l l y  sealed us ing epoxy g lue t o  

c lose  the  small gaps i n  the  ou ter  magnetic sh ie ld .  Thus, the  ou te r  mag- 
n e t i c  s h i e l d  serves as a pressure conta iner .  Though t h i s  a c t i o n  h i g h l y  

reduces the  e f f e c t s  o f  barometr ic pressure changes (except f o r  res idua l  
f l e x i n g  o f  t he  w a l l s  o f  the  magnetic s h i e l d  under pressure changes), i t  

in t roduces a pressure problem v i a  temperature f l u c t u a t i o n  i n s i d e  o f  the  
sealed case. The pressure w i l l  change by the  same percentage by which ' 
(absol Ute) temperature changes occur. Nevertheless , an advantage can be 
gained s ince  barometr ic  pressure changes o f  t he  order  o f  10% are  en- 

countered du r inq  t y p i c a l  t ranspor t  cond i t ions  whereas temperature 
changes, i .e. ,  temperature induced pressure changes, o f  the  order  o f  one 

percent a re  encountered. Espec ia l l y  i n  a l abo ra to ry  environment improve- 

ments were expected t o  be s i g n i f i c a n t  s ince the  temperature i s  s tab le  t o  
a f r a c t i o n  o f  a percent  whereas barometr ic pressure changes due t o  weath- 
e r  r e l a t e d  e f fec ts  can be very s i g n i f i c a n t  and be up t o  many percent.  
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Figure 3 demonstrates this dramatically. Curve A in fig. 3 
depicts the performance of the unit with all modifications instal ed 
except for the barometric sealing. 
substantially dropped, and that the long-term stability (now 1 x 
for T = 1 day) has improved as compared to fig. 1. A reliable measure- 
ment o f  the drift performance of the unit could be done. 
was typically 1 x 10-13/day, or less during a period of many months.* 
The barometric sealing lowered the flicker floor to about 3 x 
which we believe is the best stability ever measured with a rubidium 
standard. Table 1 shows the reduction in barometric sensitivity for 
a change from 0.8 atm to 1.0 atm corresponding t o  going from Boulder 
Colorado to sea level. The original unit, with all improvements 
except for barometric sealing, showed a change of 1.5 x 
sealed unit showed an effect of less than 2 x 

We see that the flicker leve has 
0-13 

The drift 

The 

The improved rubidium frequency standard is mounted with its 
baseplate inside an aluminum carrying case, thus securing adequate 
cooling. 
provides externally available 5 MHz and 1 pulse/s outputs. Both 
outputs are buffered and can handle 50 R loads with a 1 volt rms 
signal for 5 MHz, and for the pulse a 5 volt peak with 10 ns rise 
time. A battery power pack was installed inside the case,with a diode 
disconnect circuit. A regulated power supply, switchable for 115 and 
230 V ,  supplies the standard and the divider circuit if the unit is 
plugged into the power line: Thus, no precaution is necessary in 
connecting or disconnecting from power line service. 
line power supply feed their voltages to the standard via a 24.3 V 
regulator. 

The output o f  the standard i s  normally 10 MHz. A divider 

Both battery and 

* During several days following a clock trip, the actual performance 
is somewhat wqrse than the performance depicted in fig. 3. 
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The f i r s t  ba t te ry  pack used was a sealed lead-acid type which gave 
the total  u n i t  a weight of 21 kg and 18 hours battery l i f e .  The  w e i g h t  
of t h i s  u n i t  caused d i f f i cu l t i e s  in handling as carry-on luggage on a i r -  
planes. Therefore, the lead-acid batteries were replaced by silver-zinc 
bat ter ies ,  g i v i n g  the u n i t  a total  weight of 11 kg and 28 hours battery 
l i f e .  This battery pack feeds about 31 V into the regulator 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 .  

In i t i a l ly ,  the silver-zinc batteries were charged from a built- in 
Unfortunately, t h i s  solution did not stand u p  t o  actual power supply. 

service and we had to go t o  external charging. The principal reason for 
th i s  i s  the peculiar charge and discharge character is t ic  o f  silver-zinc 
bat ter ies  and a change of t h i s  characterist ic with time due t o  a mis- 
match between battery type and charge current.* The principal feature 
o f  the power supply i s  t h a t  i t  must disconnect to ta l ly  any charge cur- 
rent from the bat ter ies  when the bat ter ies  are ful ly  charged because a 
t r i ck le  charge would lead to  destruction of the silver-zinc batteries.  
I t  also has a total  cut-off feature which disconnects the batteries from 
the standard i f  the battery voltage drops below a preset level.  This 
stops the clock, b u t  protects the bat ter ies  which would otherwise be 
destroyed. We plan t o  replace the present battery se t  by a "low current" 
s ty le  which will allow us t o  use the built-in automatic charging supply. 

Figure 4 shows a photo of the complete u n i t .  A meter i s  provided 
in the unit with s ix  switchable positions which allow the reading of the 
regulator input voltage, the regulator output voltage, the battery volt- 
age, the battery charge-discharge current, the crystal osc i l la tor  servo 
voltage in the standard, and  the l igh t  intensity monitor voltage in the 
standard. Also, a lock indication i s  provided. 

* The silver-zinc bat ter ies  will be gradually destroyed i f  charged by 
a too low current. Our  type of battery was a "high current" design 
(unknown t o  us) and demanded > 1 .5  A charge current, whereas our power 
supply furnished about 0 .3  A. 
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OPTIMUM USE OF CLOCK TRIP  DATA 

A d e f i n i t i o n  o f  c lock  t r a n s p o r t  cond i t ions  and terms i s  g iven i n  
f i g .  5. Clock t r a n s p o r t  occurs from A t o  B and, i f  poss ib le ,  back t o  
A. The t ime elapsed on t h e  t r i p  from A t o  B i s  TAB and correspondingly 

t h e  t ime from B t o  A i s  TBA. The ac tua l  t ime spent by the  c lock  a t  
l o c a t i o n  B i s  TB- 

t i o n  B w i t h  respect  t o  t h e  c l o c k  a t  B i s  AtBB. 

i s  'tAA, i .e. ,  the  d i f f e r e n c e  o f  t h e  c l o c k  reading 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  respect  t o  t h e  c lock  a t  A. 

The most s imple assessment o f  a c lock  t r i p  would make use o n l y  of 

'tAA. An assessment of t h e  e r r o r  o r  u n c e r t a i n t y  o f  t h e  c lock  compari- 

son i s  then t h e  d i f f e r e n c e  between t h e  measurement value o f  A t A A  and 
the  value f o r  'tAA as p r e d i c t e d  from t h e  r a t e  o f  t h e  c lock  a t  A before 
leav ing.  
can be used t o  a r r i v e  a t  a b e t t e r  est imate o f  t h e  t ime d i f f e r e n c e s  o f  
t h e  c locks  a t  A and B. 
f r a c t i o n a l  frequency 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  var ious l o c a t i o n s  and dur ing  t h e  t r i p .  

The change i n . t h e  t ime reading o f  the  c lock  a t  loca-  

The so-ca l led "c losure"  

I n  a round- t r ip ,  however, more data a re  u s u a l l y  a v a i l a b l e  and 

F igure 6 i l l u s t r a t e s  t h i s .  P l o t t e d  are  the  

The c lock  has 
so a 

c lock  A 
o f  t h e  

an average r a t e  y i  a t  l o c a t i o n  A before i t  leaves. If B i s  a 
t ime-keeping l a b o r a t o r y  w i t h  high-performance standards, i .e . ,  
and c l o c k  B a r e  a t  about t h e  same r a t e ,  then a prec ise  reading 

p o r t a b l e  c l o c k  frequency a t  B can be made lead ing  t o  t h e  va lue 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 the  frequency y1\' 

The average frequency f o r  t h e  combined t r i p  t ime TAB and TBA can 

(YB 
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  

y;\. 
then be c a l c u l a t e d  from t h e  f o l l o w i n g  equat ion 

d t ~ ~  -  at^^ . 
T~~ + T~~ 

Y; = 
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This  equat ion i s ,  o f  course, o n l y  accurate t o  the  degree o f  v a l i d i t y  o f  

t he  measurement o f  htBB o r  yB. I n  o ther  words we have t o  assume t h a t  
t he  frequency o r  r a t e  o f  the  c locks a t  l o c a t i o n  B i s  n o t  much d i f f e r -  

en t  than those a t  A. 
t he  requirement on our  knowledge o f  t he  c locks a t  B i n  f r a c t i o n a l  f r e -  
quency i s  the  same as our  requirement on the  frequency o f  the  po r tab le  

c lock  dur ing  the  t r i p  time. Since 10-l ' corresponds t o  0 . 1 ~  i n  about 

1 day t r i p  time, a knowledge o f  the frequency o f  the  c locks  a t  B t o  
1 x i s  t o t a l l y  adequate fo r  most c lock  t r i p  purposes. I n  f a c t ,  
f o r  p rec i s ion  t ime l a b o r a t o r i e s  t h i s  i s  a near t r i v i a l  requirement be- 
cause t y p i c a l l y  the  r a t e  i s  known t o  huch b e t t e r  than l x 10-l'. 

Th is  requirement i s  n o t  too  s t r i n g e n t  because 

A yB can then be used t o  p r e d i c t  the  t ime reading o f  l abo ra to ry  A 
a t  the  t ime o f  a r r i v a l  o f  the  po r tab le  c lock  a t  B and the  reading of 

l abo ra to ry  B a t  the  t ime o f  a r r i v a l  o f  the  c lock  back i n  l abo ra to ry  A. 
The t ime d i f f e r e n c e  between labo ra to ry  A and B f o r  t he  f i r s t  l e g  of 

the c lock  t r i p  i s  (tA-tB)AB' and i t  i s  (tA-tB)BA f o r  the  second l e g  
o f  the  c lock  t r i p .  

t r i p  cond i t ions  would cause an 'e r ro r  term. 
can be est imated from the  d i f f e r e n c e  A t B  , o f  the  t ime readings be- 
tween l a b o r a t o r i e s  A and B obtained from the two legs  o f  the  c lock  t r i p .  

A The fo l low ing  equat ion g ives an est imate o f  the  e r r o r  o f  A t g .  

A change i n  c lock  behavior and/or i n  the  two 

Obviously the  e r r o r  term 
A 

6 A t i  I(tA-tB)AB - ( tA-tB)BAI ' const. 

O f  course the  f i r s t  term i n  the  equat ion w i l l  tend t o  be non-zero i f  
there  i s  a r a t e  d i f f e r e n c e  between c locks A and B. I f  the r a t e  d i f f e r -  

ence i s  s i g n i f i c a n t ,  i t  should be accounted f o r  before the  e r r o r  assess- 
ment. 
t ime d i f f e rences  cou ld  be small f o r t u i t o u s l y .  Thus the  constant  inc ludes 

an est imate o f  t he  fundamental s t a b i l i t y  performance o f  the  c lock  (ex- 
c l u d i n g  t r i p  induced frequency changes), as we l l  as an est imate o f  the  

unce r ta in t y  i n  the  ra tes  o f  c locks a t  A and B i f  the two legs  o f  t he  

c lock  t r i p  a re  f a r  apa r t  i n  time. 

I 

I n  t h i s  equat ion we added a constant  s ince the  d i f f e r e n c e  i n  the  

I f  on ly  one l e g  o f  t he  c lock  t r i p  i s  
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successful an improved est imate o f  (tA-tB)AB o r  (tA-tB)BA and t h e  
associated e r r o r  6A tB  can S t i l l  be made us ing t h e  c lock  r a t e s  yB a t  A 

B and yA and/or yA' a t  A. 
CONCLUSIONS 

A l i s t  o f  c lock  t r i p s  c a r r i e d  o u t  dur ing  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 h e  U. S. Naval Observatory i n  Washington, 

DC; two of which were complete round- t r ips .  
t o  t h e  Bureau I n t e r n a t i o n a l  de 1'Heure (BIH). 

t r i p  s ince t h e  r e t u r n  t r i p  was n o t  usable because o f  problems due t o  

s h o r t i n g  b a t t e r i e s .  

was c a r r i e d  out .  Th is  t r i p  was a round- t r ip ;  however, t h e  data 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 ium standard i t s e l f .  

featured t h e  c l o c k  package w i t h  lead-ac id  b a t t e r i e s .  A l l  o ther  c lock  
t r i p s  were made w i t h  the  s i l v e r - z i n c  b a t t e r y .  

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 sca le  o f  t h e  l a b o r a t o r i e s  and UTC(NBS). 

l a s t  column g ives t h e  est imated u n c e r t a i n t y  o f  t h e  t ime comparison. 
The use o f  a l l  a v a i l a b l e  data from measurements a t  l a b o r a t o r i e s  A 

and B a l lows 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  small  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 .  
encounter any ser ious  d i f f i c u l t i e s  w i t h  the  c l o c k  being handled as 

carry-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 r e  obvious. For 

s h o r t e r  t r i p s  o f  up t o  several  hours, lead-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  choice because o f  t h e i r  comparative cheapness and r e l i -  
a b i l i t y .  

then a small  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 -  
ducing t h e  weight by an a d d i t i o n a l  several  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  opera t ion  inc reas ing  t h e  weight 

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. 

One t r i p  was c a r r i e d  o u t  

This  was o n l y  a one-way 

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

The f i r s t  t r i p  t o  t h e  USNO i n  May 1975 

The t a b l e  g ives t h e  

F i n a l l y ,  t h e  

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  

I f  weight counts and s h o r t  c l o c k  t r i p s  a r e  o n l y  envisioned, 
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CLOCKTRIPS 

D E S T I N A T I O N  

USNO 

USNO 

USNO 

USNO 

B IH ( OP) 
HP 

-8.10 

-8.41 
-8.23 

-6.10 
-2.96 

0.03 

0.02 
0.03 

0 .1  
0.05 

USNO = US NAVAL OBSERVATORY 

BIH(0P) = BUREAU INTERNATIONAL de 1 'HEURE(PAR1S OBSERVATORY)  

HP = HEWLETT PACKARD COMPANY 

TABLE 3 
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FIGURE 1. Time-Domain Stability df a Commercial Rubidium Standard. 
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FIGURE 2. Frequency Change as a Function o f  Supply Voltage f o r  the 
Commercial Rubidium Standard. 
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.FIGURE 3. Time-Domain Frequency Stability of the Improved Unit. 
curve A Improved magnetic shielding and 

temperature compensation. 
curve B Improved magnetic shielding, temperature 

compensation and barometric sealing. 

A frequency drift of approximately 1 x 
from the data. 

per day is removed 
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FIGURE 6. Best Use o f  Data from a Clock Round-Trip. 

y = f r a c t i o n a l  frequency. 
T = t r i p  times. 

= accumulated t ime reading o f  the  po r tab le  c lock  atAA 
from leav ing  A and upon r e t u r n i n g  t o  A. 

A t B B  = accumulated t ime reading o f  the  po r tab le  c lock  
between a r r i v a l  and departure a t  B. 

6At; = t ime e r r o r  f o r  a c lock  t r i p  A t o  B or B t o  A. 
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