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ABSTRACT 

It is well known that changes in the intensity 
of the light source in an opticallv pumped, 
rubidium, gas cell frequency standard can pro- 
duce corresponding frequency shifts, with pos- 
sible adverse effects on the long-term frequency 
stability. Since this so-called "light-shift" 
effect is due to the simultaneous presence of 
pumping light and interrogating microwave ra- 
diation, it can be eliminated, in principle, 
by alternately pulsing the pumping light and 
the microwave radiation so that there is no 
temporal overlap. 

We have constructed a pulsed optical punping ap- 
paratus with the intent of investigating the 
frequency stability in the absence of light 
shifts. Contrary to our original expectations, 
a small residual frequency shift due to changes 
in light intensity has been experimentally ob- 
served. Evidence is given which indicates that 
this is not a true light-shift effect. Prelim- 
inary measurements of the frequency stability 
of this apparatus, with this small residual 
"pseudo" light shift present, are presented. 
It is shown that this pseudo light shift can be 
eliminated by using a more homogeneous C-field. 
This is consistent with the idea that the pseudo 
light. shift is due to inhomogeneity in the phys- 
ics package ("position-shift" effect). 

INTRODUCTION 

At the present time, there is a real need for compact, lightweight, 
low power, highly stable atomic frequency standards. This is ex- 



emplified by programs such a s  t h a t  f o r  the  NAVSTAR Global Position- 
ing System, D r  GPS f o r  short .  This program c a l l s  f o r  state-of-the- 
a r t  s i ze ,  weight and power reductions f o r  atomic f reque~5y  standards, 
and a long-term s t a b i l i t y  requirement of one p a r t  i n  10 over per- 
iods of approximately 1 t o  12 days f o r  phases I1 and I11 of GPS (1).  
Requirements such a s  these can be expected t o  be even more demanding 
i n  the  fu ture  a s  the  overa l l  s tate-of- the-art  of mi l i ta ry  technology 
moves forward. 

Table 1 summarizes the  state-of-the-art f o r  small atomic frequency 
standards. The hydrogen and cesium devices have excellent  s t a b i l i t y  
over periods of weeks, months and even years. Rubidium is l e s s  s a t i s -  
factory i n  t h i s  respect  but  has the  advantage of much smaller s i z e ,  
weight and power consumption. The idea l  frequency standard would com- 
bine the excellent  long-term s t a b i l i t y  of hydrogen and cesium with the  
small s i z e ,  weight and power consumption of rubidium. There a r e  two 
possible methods of approach toward t h i s  goal. The f i r s t  is t o  reduce 
even fur ther  the  s i z e ,  weight and power of hydrogen and cesium devices. 
While fur ther  small reductions might be possible,  it is unlikely t h a t  
these devices can be made t o  approach present  day rubidiums i n  t h i s  
respect.  For example, even f o r  cesium a fac tor  of 9 i n  s i z e  and a 
fac tor  of 7 i n  weight would be required. Moreover, r e l a t i v e  t o  fu ture  
rubidiums, fac tors  of 18 and 12, respectively,  would be required (2).  
We a r e  therefore led  t o  the  second method of approach, which is  t o  
improve the  long-term s t a b i l i t y  of rubidium devices without s i g n i f i -  
cantly increasing s i z e ,  weight, o r  power consumption. Table 2 shows 
t h a t  there is reason t o  believe t h a t  t h i s  can be done. 

The bes t  reported s t a b i l i t y  f o r  rubidium is  several  p a r t s  ir. lo1* f o r  
an averaging t i ~ e  of about 7 hours. Two such measurements have been 
reported i 3 . 4 )  I each on a d i f fe ren t  u n i t  a t  d i f f e ren t  t i rnfq and by 
d i f fe ren t  groups. In  addit ion,  a s t a b i l i t y  of p a r t s  i n  10 f o r  T = 
6 h r  t o  12 days f o r  one rubidium device has been reported a t  t h i s  
conference ( t h i s  device uses an Efratom physics package) (1) .  This 
s t a b i l i t y  is on a par  with cesium (5) and is only about a f ac to r  of 
50 worse than the  "best" report td s t a b i l i t y  for  hydrogen (6). For 
times longer than 7 hours, the  s t a b i l i t y  of most rubidium devices 
worsens, most l i k e l y  due t o  uncontrolled changes i n  device parameters. 
I f  the  device parameters t h a t  a r e  changing cocld be determined and 
control led,  b e t t e r  long-term s t a b i l i t y  would r ~ s u l t .  

FUNDAMENTAL PHYSICAL EFFECTS 

Figure 1 lists those  fun^.-.lsntal physical e f fec t s  t h a t  can adversely 
a f f e c t  the  s t a b i l i t y  of rubidium devices. .et us consider these ef-  
f e c t s  one a t  a time. 



Light Shift 

The insert at the lower left of Figure 1 shows the two hyperfine enerFr 
levels of rubidium which determine the rubidium resonant frequency. 
In general, when a rubidium atom is illuminated by the light used for 
optical pumping, these two energy levels are Stark shifted by the elec- 
tric field of the light, thereby producing a change in the atom's re- 
sonant frequency (7). This results in a frequency shift that is pro- 
portional to light intensity. . 
This effect can be eliminated by interrogating the atoms in the dark; 
that is, when the pumping lj ght is absent. 

Position-Shift Effect 

The position-shift effect (8) is due to inhomogeneity in the physics 
package. The result of this inhomogeneity is to make the resonant 
frequencies of the rubidium atoms depend on their location within the 
cell, as indicated schematically at the lower right of Figure 1. 
This inhgmogeneity is due mostly to C-field nonuniformity and also, to 
a lesser extent, to Light shift nonuniformity. Since the optical 
pumping and the microwave interrogation are also nonuniform over the 
cell, the experimentally observed resonant frequency is a weighted 
average of the frequencies of the individual atoms in the cell. Now, 
if the intensity of pumping light were to change, then the weighted 
average would for example, shift so that those atom; in the center 
of the cell might be vored more than those at the ends. This would 
obviously result in an increase in the experimentally observed reson- 
ant frequency. We term this type of shift the "pseudo light shift" 
because it can mimic a true light shift. 

Buffer Gas Shift 

The buffer gas shift (9) occurs due to collisions between the rubidium 
atoms and the buffer gas atoms, and is dependent on buffer gas density 
and temperature, as well as on the buffer gas that is used. 

Spectrum of Exciting Microwave Radiation 

Frequency shifts due to the exciting microwave radiation are not usual- 
ly a problem if care is taken tc obtain a spectrally pure exciting 
frequency free of spurious and unwanted sid~bands (10). 

Magnetic Field 

Since the magnetic field sensicivity (10) for rubidium is only about 
2 x larger than for cesium, magnetic field sensitivity for rubidium 



is not significantly more of a problem than it is for cesium. 

It is very difficult to give estimates of the possible frequency 
changes due to these effects because they are a very strong function 
of the individual device configuration and parameters. In spite of 
this, we can still say that of the 5 effects listed here, the first 
3 are the most important. 

The objective of the experiments that we are carrying out is to improve 
the long-term stability of small rubidium devices. Today we will de- 
scribe some preliminary results that lead toward this goal. These 
results deal with the reduction and elimination of the light-shift 
and the position-shift effects, and have been obtained with the ex- 
penditure of less than one man-year of scientific effort. 

METHOD FOR ELIMINATION OF LIGHT SHIFT 

Figure 2 shows the method that we have used to eliminate the light 
shift. This method was first suggested by Axditi (11). First, the 
light is pulsed on and the atoms are optically pumped. Thewthe light 
is turned off and the interrogating microwave radiation is turned on. 
The microwave radiation is then turned off and the pumping light is 
turned on again. This basic cycle is subsequently repeated many times. 
Since the atoms are interrogated in the dark, the light shift should 
be eliminated. This, of course, assumes that :he atomic coherence 
does not persist from one cycle to the next (12). 

Refore passing to the next slide, we note that in our experiments, the 
atomic transition is detected by optically monitoring the absorption 
of the pumping light. This is essentially the same detection method 
as that used in all conventional rubdiums. 

Figure 3 shows a block diagram of the apparatus. The pulser alter- 
nately pulses the light and the microwave radiation at a 280 Hz rate, 
as shown in the previous slide, so that the atoms are interroaated in 
the dark. The remainder of the apparatus is a conventional frequency 
locked loop. The modulation frequency of 10 Hz is chosen to be about 
an order of magnitude smaller than the puising frequency so that the 
two signals can be separated by filtering before synchronous detection 
of the 10 Hz. 

Figure 4 is a photograph of the physics package, which is a modified 
version of the ~hysics package used in the Efratom, Model FRK rubidium 
frequency standard. The base of the rubidium lamp is at the right, 
and the magnetic shield that encloses the resonance cell and microwave 
canity is at the left. The entire unit is less than 4 inches long. 



The philosophy adopted i n  this work w a s  t h a t  everything poss ib le  
should be  done t o  r e t a i n  t h e  small  s i z e .  

RESULTS 

Light  & h i f t  measurements have been made on this apparatus and t h e  re- 
s u l t s  a r e  shown i n  Table 3.  Measurements were made o f  t h e  f r a c t i o n a l  
frequency s h i f t  r e s u l t i n g  from a 30 % change i n  l i g h t  i n t e n s i t y .  Two 
sets of  measurements were made - - one with t h e  apparatus operated CW, 
and t h e  o the r  with it pulsed. 

I n  t h e  case  of  CW operat ion,  w e  expect a l a r g e  l i g h t  s h i f t .  This was 
observed f o r  each of two d i f f e r m t  rubidium lamps - - lamp A and lamp 
B. These two lamps d i f f e r  i n  t h e  r a t i o s  of  t h e i r  rubidium iso topes .  
Lamp A produces a p o s i t i v e  l i g h t  s h i f t ,  and lamp B a negat ive l i g h t  
s h i f t .  This  is i n  agreement with t h e  theory of t h e  l i g h t  s h i f t  in  
rubidium 87 a s  worked o u t  by Mathur, Tang and Happer 1 7 ) .  

When the  apparatus is operated i n  the pulsed mode w e  expect t o  s ee  no 
l i g h t  s h i f t .  Yet t he re  i s  a change i n  frequency with l i g h t  i n t e n s i t y .  
This change i s  about a f a c t o r  of 10 smaller  than the  CW l i g h t  s h i f t ,  
and w e  can t e l l  that it is not  a t r u e  l i g h t  s h i f t  because it does not  
change s ign  i n  going from lamp A t o  lamp B. Other t e s t s ,  which we 
w i l l  no t  descr ibe  here ,  a l s o  confirm t h i s  t o  be t h e  case.  For t he se  
reasons w e  dub t h i s  e f f e c t  t he  "pseudo-light-shift  e f f e c t . "  We w i l l  
have more t o  say on t h i s  l a t e r .  

Table 4 shows t h e  r e s u l t s  of  some prel iminary frequency s t a b i l i t y  
measurements t h a t  have been made on our  pulsed o p t i c a l  pumping appara- 
tus .  For pulsed pumping, t h e  short-term s t a b i l i t y  i s  expected r o  be 
degraded somewhat by noise  introduced i n  t h e  pu ls ing  process.  The 
short-term s t a b i l i t y  f o r  pulsed pumping has been measured f o r  averag- 
ing times from 1 t o  100 seconds and found t o  improve a s  1 / 6  (foot-  
note  A i n  Table 4 ) .  This shows t h a t  w e  a r e  dea l ing  with white f r e -  
quency modulation noise ,  a s  is  usual ly  t h e  case f o r  pass ive  rubidium 
devices.  The value of  U ( T )  f o r  100 sec  i s  given i n  column 2 and can 
be compared with t h a t  fog our small  commercial rubidiums. The r e s u l t  
f o r  ~ u l s e d  pumping l ies between the  spec f o r  our  two commercial models 
and is b e t t e r  than t h a t  of  an H P  5062C cesiun~. The short-term s t a -  
b i l i t y  of t h e  pulsed pumping apparatus i s  t he re fo re  q u i t e  good, even 
i n  t h i s  prel iminary s t age ,  and can almost c e r t a i n l y  be improved fur -  
ther .  

The long-term s t a b i l i t y  was a l s o  measured f o r  a 24-hour averaging time 
and a preliminary value of  approximately 5 p a r t s  i n  1012 was obtained.  
This i s  not  y e t  a s  good a s  our  commercial u n i t s .  



After these stability measurements were made it was discovered that 
there were several device parameters that were not under tight control. 
These included significant second-harmonic contamination of the 10 Hz 
modulation, and frequency changes due to changes in barometric pres- 
sure. All of these parameter changes can be expected to produce £re- 
quency changes of parts in 1012, which is of the order of the ob- 
served instability over 24 hours. The pseudo-light-shift effect is not 
negligible at this level either, and it may be a contributor to the ob- 
served instability. 

All of these parameters can be easily controlled except for the pseudo 
light shift. However, it was suspected that the pseudo-light-shift 
effect might actually he a manifestation cf the position-shift effect, 
as mentioned earlier. To test this hypothesis, a new C-field was con- 
structed for our physics 2ackage that greatly improved the homogeneity 
of the static magnetic field and which should therefore greatly dimin- 
ish the position-shift effect. 

Table 5 shows the result of using this new C-field. The first line of 
this table is a repeat of the data shown in Table 3 for the old C- 
field. The second line shows what happened when seine small steel parts 
on the outside of the microwave cavity were removed. This improved 
the C-field homogeneity and also reduced the pseudo light shift by 
&?ut 30 %. Finally, the last line of the table shows the results for 
the new C-field. The pseudo light shift is now undetectable, of the 
order of parts in 1012 -,r less for a 30 % change in light intensity. 

To summarize, the residual light shift has now been reduced to an un- 
detectable amount by using the method of pulsed optical pumping in 
conjunction with a homogeneous C-field. It is likely that the rew 
homogeneous C-field will also have other beneficial effects, such as 
reduced sensitivity to changes in n4crowave power, but this has not 
yet been verified experimentally. 

Our plans for the immediate future are to beat down the known sources 
of frequency instability to the level of parts in 1013 or below, and 
then to take additional long-term stability data. It is expected that 
this will lead to an improved long-term stability compared to the pre- 
sent value of about 5 parts in i012 for T = 24 hours which was taken 
before the pseudo light shift was eliminated. Stability data over 
longer periods of time will also be ta. tn to see if there is an im- 
provement there. 

Table 6 compares our preliminary results with tbose obtained by other 
investigators, namely, Arditi and Carver, who were the first to use 
the method of pulsed optical pumping for elimination of the light 
shiftland a Russian group that has done several man-years of work in 



t h i s  a r e a .  

I n  t h e i r '  experiments,  A r d i t i  and Carver used a h igh  s e n s i t i v i t y  micro- 
wave r e c e i v e r  t o  d e t e c t  t h e  rubidium resonance.  Because o f  t h e  com- 
p l e x i t y  c f  t h e  e l e c t r o n i c s  t h i s  method is n o t  s ~ ~ i t a b l e  f o r  J s e  i n  a 
p r a c t i c a l  device .  The Russians used an o p t i c a l  d e t e c t i o n  method, t h a t  
has  t h e  d i s a d ~ n n t a g e  o f  r e q u i r i n g  2 r u b i d , ~  lamps. Liz a l s o  use  an 
o p t i c a l  d e t e c t i o n  method b u t  on ly  one rubidium lamp is requ i red .  I n  
a d d i t i o n ,  w e  have used a s i n g l e  rubidium c e l l  t h a t  combines t h e  f i i t e r -  
jng and resonance f u n c t i o n s ,  thereby i i l iminat ing t h e  need f o r  a separ-  
a t e  f i l t e r  c e l l .  For t h e s e  reas0r.s  o u r  phys ics  package is extremely 
smal l ,  which is  d e s i r a b l e  i n  a y r a c t i c a l  ; m i c e .  I n  f a c t ,  t h i s  i s  t h e  
same phys ics  pack*qe t h a t  i s  used i n  t h e  i f r a tom smal l  commercial ruh i -  
d i m  frequency s t andards .  

10 
A r d i t i  and Carver saw no l i g h t  s h i f t  a t  t h e  l e v e l  o f  a p a r t  i n  10 . 
On t h e  o t h e r  hand, t h e  Russians d i d  observe  t r u e  l i g h t  s h i f t s  (due t o  
p e r s i s t e n c e  o f  t h e  atomic coherence) b u t  were a b l e  t o  minimize them , , 
proper  cho ice  of  o p e r a t i n g  c o n d i t i o n s ,  In  o u r  experiments t h e  l i g h t  
s h i f t  i s  unde tec tab le  s o  t h a t  i f  i t  e x i s t s  a t  a l l ,  it is  o f  ord\:r p a r t s  
i n  lo1* o r  l e s s  f o r  a 30 % change i n  l i g h t  i n t e n s i t y .  

A s  r ega rds  s t s b i l l t y ,  A r d i t i  and Carver nade some shor t - term measure- 
ments a t  t h e  l e v e l  o f  about  1 x 10-lO. The Russians have n o t  r e p o r t e d  
any s t a b i l i t y  measurements f o r  r easons  unknown tc us .  A s  a l r e a d y  
mentioned, w e  have measured t h e  frequency s t a b i l i t y  f o r  our  appara tus  
and fcund i t  t o  be o f  t h e  o r d e r  of p a r t s  in 1012. However, it should  
be emphasized t h a t  t h e s e  measurements a re  p re l iminary  aL1d were made 
p r i o r  t o  e l i m i r ~ a t l o n  of t h e  pseudc l l g h t  shift. 

NOTE ADDED I N  PROOF 

We have j u s t  l ea rned  t h a t  r e s u l t s  s j m i l a r  t o  those r e p o r t e d  he re  
have a l s o  been c b t a i n e d  b y  J. Ernvein-Pecquenard and L .  Malnar,  
"Horo :~ge atomique a' pompage o p t i q u e  s6quent ie1,"  C.  R.  Acad. Sc. 
Paris - 268(8!, 817 (1969). They r t p o r t e d  no l i g h t  s h i f t  ( d e t e c t i o n  
l i m i t  o f  1 - 2 x f o r  a  25 %, change i n  l i g h t  i n t e n s i t y  
u s i n g  pu lsed o p t i c a ?  puenping w i t h  o p t i c a l  d e t e c t i o n ;  no frequency 
s t a b i l i t y  resu.1 t s  ? $ r * e  g i v e n  i n  t h e i r  ptloer, however. Also,  no 
pseudo l i g h t  s h i f t  bas observed i n  t h e i r  exper iments ,  presumably 
because they  used a  conven t iona l ,  l a b o r a t o r y - t y p e ,  o p t i c a l  pump- 
i n p  apparatus ( v e r y  l a r g e  phys i cs  package and ve ry  homogeneous 
C - f i e l d ) ;  f o r  p r a c t i c a l  dev ices  u t i l i z i n g  smal l  phys i cs  p a c k a g a ,  
i t  i s  a l s o  necessary t o  c m s i d e r  t h e  pseudo l i g h t  s h i f t  e f f e c t  
( p o s i t i o n - s h i f t  e ,  e c t ) ,  as has been done i n  t i l e  p resen t  work. 
TL,us, t he  r e s u l t s  o r  t h e  two i n v ~ s t i g a t i o n s  a r e  i n  agreement, t o  
t h e  e x t e n t  t h z t  t h e  exper imenta l  setups were s i m i l i a r .  We would 
l i k e  t o  thank P r o f .  M. Te tu  f o r  b r i n g i n g  t h e  paper o f  Ernve in-  
Pecquenard and Malnar t o  ou r  a t t e n t i o n .  



PRGGNOS I S  

A t  t h e  p r e s e n t  t ime ,  t h e  u l t i m a t e  f r e q u e ~ c y  s t a b i l i t y  a t t a i n a b l e  u s i n g  
t h e  p u l s e d  o p t i c a l  punping method is  n o t  kr~own. g o s s i b l e  l i m i t ~ t i c n s  
c o u l d  be  due to chanapc i n  b u f f e r  g a s  p r e s s h r e ,  i f  t h e y  o c c u r ,  and 
a l s o  t o  changes i n  t h e  p u l s i n g  p a r a m e t e r s ,  suc;. 3s t h e  d u r a t i o n s  o f  
t.he l i g h t  and inicrowave p u l s e s .  Z t  i s  known t h a t  f requency s h i f t s  do 
o c c u r  due t o  changes i n  t h e  p u l s i n g  p a r m e t e r s .  We have i n v e s t i g a t e d  
t h i s  phenorr~enon us ing  t h e  o l d  C - f i e l d  and have  e s t i v a t e d  t h a t  it c e r -  
t a i n l y  is  j., m r t a n t  a t  t h e  l e v e l  o f  p a r t s  i n  1013. 

F u t u r e  e f f o r t s  w i l l  z o n c e n t r a t e  on unde r s t and inq  and redr7-ing f r e -  
quency s e n s i t i v i t y  t o  changes i n  p u l s i n g  pa rame te r s .  F ( ' r t  w i l l  a l s o  
be  devo ted  t o  d e v i s i n g  a  method f o r  s t u d y i n g  f requency s h i f t s  due  t o  
p o s s i b l e  s m a l l  charigcs i n  b u f f e r  gas  p r e s s u r e .  

W e  would l i k e  t o  thank We~mer Weidemann, Engineer -  .g  Manager o f  Efratom 
Sys t -ms C o r p o r a t i o n ,  f o r  many h e l p f u l  d i s i u s s i o n s ,  and f o r  k i n d l y  
making a v a i l a b l e  k t h  equipment a . d  f a c i l i t i e s ,  a s  needed.  We a l s o  
acknowledge t b e  able t e c h n i c a l  ass i s -Lance  o f  d e f f  Hayner, Henr:. H o l t e r -  
aann and John H a l l .  
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F IGURE 3 
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QUESTIONS AND ANSWERS -- 

DR. GIOVANI BUSCA, Ebauches, Switzerland: 

I see you are using 10 her tz  frequency f o r  modulation. So you use 
phase sinusoidal modulation? What was the 1 inewidth? 

DR. ENGLISH: 

We1 1 , i t  i s  var iable,  and i t  depends upon how you choose the pul  se 
parameters. Now i f  you run the u n i t s  CW, i t  i s  on the order o f  a 
k i l ohe r t z .  And i f  you r e a l l y  t r y  t o  get  the narrowest 1 inewidth you 
can, where you are l i m i t e d  by the re laxa t i on  times f o r  sp in  ex- 
change, then you can ac tua l l y  get the l i n e w i J t h  down to  a couple of 
hundred hertz.  I n  these exper.iments, thougn, i f  you choose the nar- 
rowest l inewid th ,  then yoltr s ignal  r e a l l y  goes t o  pot.  So you work 
a t  some intermediate range. And we have been using roughly 700 
hertz.  

DR. BUSCA: 

I see. I :ir,i asking myself i f  some o f  the r e s u l t s  could be improved 
j u s t  by increasing the  modulation frequency. 

DR. ENGLISH: 

It <s possible. I wouldn' t  r u l e  i t ~ u t .  

DR. BUSCA: 

You are very f a r  from the optimum value, wllich i s .  . . . 
DR. ENGLISH: 

Yes, you are absolute ly  r i g h t .  It a f f e c t s  the signal- to-noise 
r a t i o ,  and i t  i s  possib le i f  you went t o  a higher n~odulat ion f r e -  
quency, you could increase your signal and therefore the short-term 
s t a b i l i t y .  

DR. BUSCA: 

Okay. I nave a second questicn. I t  seems t h a t  you use data on 
l i g h t  s h i f t  when you use the Lamp i n  continuous CW and you extra-  
po la te  t h i s  data t o  a case i n  which you use the e x c i t d t i m  pulse. 
We have done t h a t  before, and we see t h a t  the spectrum - * . - l d  change 
very much from pulsed t o  continuous exc i ta t i on .  So you ,,dst taka a 
l i t t l e  b i t  o f  care i n  ex t rapo la t ing  from continuous data t o  pulsed 
data. 

DR. ENGLISH: Yes. 



DR. BUSCA: 
The change i n  t h e  s ign,  f o r  example, from pulsed t c  continuous 
e x c i t a t i o n  would be j u s t  something l i k e  t h a t .  That ineans changing 
t h e  spectrum o f  t h e  1  i g h t .  

DR. ENGLISH: 

Wel l ,  t h e  Russian work seems t o  ind ica te - -and  they worked o u t  a 
r a t h e r  compl icated theory  f o r  t he  whole t h i n g - - t h a t  you should have 
more o r  l ess  a  correspondence between t he  CW value and the  pu lsed 
value, no t  necessar i l y  one t o  one, b u t  a t  l e a s t  a  s i g n  change i s  a  
s t rong  i n d i c a t i o n  t h a t  i t  i s  no t  a  t r u e  l i g h t  s h i f t .  I n  add i t i on ,  
t he re  were the  o the r  f a c t o r s  which I dolr l t  have t ime t o  go i n t o ,  
which have t o  do w i t h  how the  e f fec t  va r i es  w i t h  t h e  du ra t i on  o f  t he  
var ious p u l  se parameters. 

I t h i n k  t he  most conv inc ing evidence t h a t  i t  i s  what I c a l l  a  
pseudo l i g h t  s h i f t  i s  t h a t  i t  d i d  disappear when a l l  we d i d  was 
improve the  C - f i e l d  homogeneity. 

DR. BUSCA: Okay. 

DR. GERNOT M. R. WINKLER, U. S. Naval Observatory: 

I have a  dim r e c o l l e c t i o n  t h a t  t he  scheme o f  us ing  pu lsed pumping 
o r i g i n a t e d  i n  Pr inceton,  1958 o r  1959, by C a r r o l l  A l l ey .  

DR. ENGLISH: 

It i s  q u i t e  poss ib le .  I know A r d i t t - i  has a  pd ten t  on t h i s ,  and t h a t  
i s  the  bas is  f g r  my say jng t h a t  I bt? l ieve he o r i g i n a t e d  it. Now 
A r d i t t i  and Carver wrote a  paper togeti.i:?r on i t. !t i s  the f i r s t  
one I am aware o f  i n  r egu la r  jou rna ls .  Bu?. you cou ld  be r i g h t .  I t  
cou ld  have been an idea t h a t  was s o r t  o f  f l o a t i n g  argund D icke 's  
l a b  and they p icked  i t  up. I d o n ' t  r e a l l \ !  know. I have never 
t a l k e d  t o  him about it. 

UR. H I  LI'IUT HELLWIG, Nat iona l  Lureau o f  Standards: 

I c r ~ l y  have one comment. Many t h i ngs  we a re  now working on a re  no t  
r ea l l ) /  new ideas i f  you analyze them. What i s  a  new idea, r e a l l y ,  
bu t  the  r a t h e r  c h i l d i s h  c u r i o s i t y  which makes us ask t he  same ques- 

Jns today t h a t  were asked f i v e  years,  t en  years .  twenty years acjo? 
firid t h i ngs  have changed s u f f i c i e n t l y  t h a t  you might  ge t  answers you 
d i d  no t  dream about. 

DR. ENGLISH: 

Could I make one comment? One o f  t he  reasons f o r  do ing t h i s  i s  t h a t  
t he  l i g h t  s h i f t  i s  a  very messy e f f e c t .  And so i f  ynu r e a l l y  want 
t u  study a  device and vary t he  parameters i n  i t  t,o study the  o the r  
e f f e c t s ,  i t  i s  r e a l l y  des i r ab le  t o  ge t  r i d  o f  t he  l i g h t  s h i f t .  And 



t h a t  i s  cne o f  t he  major mot i va t ions  behind t he  exper!ment---to ge t  
r i d  o f  ;nis r e a l l y  messy e f f e c t .  And then you a re  f r e e  t o  vary  the  
o ther  parameters. 

Now you can devisc: rub id ium devices t h a t  ruri CW where they h a ~ e  
very  l i t t l e  l i g h t  s h i f t .  But  you have t o  r e s t r i c t  y o u r s e l f  t o  a 
very s p e c i f i c  opera t ing  p o i n t .  And as soot, 3s you mess w i t h  the  
parameters o f  t he  device,  then you s t a r t  changing t he  1igh.t; s h i f t  as 
u e l l  as every th ing  e lse .  And t h e  p rob l  , ,I i r  t o  t r  v and i s o l a t e  t he  
va r i ab l es  i n  suc !~  a way t h a t  dhen you change parameters i n  the  
device,  you a re  n o t  changing a:i o f  these d i f f e r e n t  e f f e c t s  a t  once 
i n  ways t h a t  you c a n ' t  separate. 




