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Abstract-The original NBS cesium standard (NBS I) has been 
converted to a thallium standard and was operated for one and one- 
half years with a typical precision of 2X10-12 and an accuracy of 
1 x Experiments are described which were performed to estab- 
lish these precision and accuracy estimates. These results, which 
are comparable to those obtained with longer cesium standards, are 
considered sufficiently encouraging to justify the conversion of a 
longer cesium standard to thallium for a more thorough evaluation. 

I .  I N I K O I ) l ~ (  1 1 0 N  

N 1957, 1'. Kusch pointed out the possible advan- 
t,iges th,tt th,illiuni should h,tve over cesium in I ,itomic be,tni frequencq st,ind,trds [l 1. The small 

qu,tdr,itic dependence of the frequcncv on the uniform 
magnetic field in  n hich the transition oc( urs is given by 

(1) 

( 2 )  

Y ( C S ' ~ ~ )  = v 0 ( C 5 )  + 32711L(in H z ) ,  

v(TlZn5) = v"(T1) + 20.41P (in Hz). 

The fr,tction,il uncert,tinties in  frequencies resulting 
froin uncert&nties in H <ire given by 

(:) = 9.1 X 10-*HAH, for Lesium, and ( 3 )  

T h u s ,  t h e  (1, O ) t t ( 0 ,  0) transition i n  thallium is 1/50th 
as sensitive to the field as  is cesium. This is no longer 
as great a n  advantage as it was originally, since the C 
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fields have been so drastically improved in the cesium 
beams [2].  

A further advantage for thallium arises from its 
simpler atomic spectrum, since there are only two 
micro\?-ave transitions neighboring the (1, O)++(O, 0) u 
transition already mentioned. These two T transitions 
are the ( F = l ,  m p = l ) t t ( F = O ,  mF=0) transition and 
the ( F = l ,  mp= -1)-(F=O, mp=O) transition. 'Thus, 
n-ith different C-field orientations necessary to excite 
these two sets of transitions, proper parallelisni of the 
a-oriented C field u,ith the two oscillating field regions 
in the resonant cavity end sections should insure free- 
dom from overlap of T transitions. Also, the simpler 
thallium spectrum should allow a greater signal inten- 
sity for the (1, O)-(O, 0) thallium transition than for 
the corresponding (4, 0)++(3, 0) transition in cesium, 
since a greater percentage of the thallium atoms have 
energies in the desired states. Finally, the thallium 
transition frequency is more than double that  of cesium, 
so that ,  for the same absolute uncertainty in the fre- 
quency, a higher relative precision of measurement is 
obtained for the thallium standard than for the cesium 
standard. 

11. THE NBS THALLIUM BEAM STANDARD 
These possible advantages led to the conversion of 

NBS I ,  the original NBS cesium standard with an inter- 
action length of 55 cm, to  a thallium standard in 
September, 1962. The thallium standard is shown in 
Fig. 1. 

A considerable amount of time was spent in develop- 
ing and improving a suitable detection system. Wire 
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Fig. 1. Thallium atomic beam frequency standard. 

0.013 cm in diameter drawn from a pure, single crystal 
of tungsten has given the most noise-free performance 
as a surface ionization detector for the thallium beam. 
Since thallium has an ionization potential of about 6.1 
volts, the tungsten \\ire must be oxidized to provide a 
work function high enough to allow efficient ionization 
of the thallium atoms. ‘The oxidation and operating 
procedures that  have been developed are as  follows: 

1) Before the oven temperature is raised to its operat- 
ing value of 61OoC, pure oxygen is admitted to the 
vacuum system by opening a variable leak rate valve 
mounted on the detector cover plate of N B S  I .  The  
detector wire temperature is n e a  900’C as measured 
by an optical pyrometer. 

2)  Enough oxvgen is admitted to raise the q s t e m  
pressure to  one torr or higher. 

3 )  The detector temperature drops below 70OoC 
under these conditions. The temperature is, however, 
next increased to about 900OC. After :ipproximately 
one minute, the variable leak rate valve is closed. 

4) As the oxygen is being evacuated from the system, 
the detector current is decreased as  necessary in order 
to maintain the temperature i i e u  9OCi”C. 

5 )  Frequency measurements can tie made when the 
system pressure fdls  belo\\ 3 x 1 0 F  torr, u s ~ a l l y  \\ ithin 
10 minutes, i f  the oven is u p  to temper,tture. 

Although repeated oxidation of t h t  c!etector \\ ith the 
oven hot 110 longer causes clogyinq of the oven slit, this 
procedure is dctriniental to  the niolvhdenum heater 
coils and is therefore used no more than is absolutely 
necessar y . 

The detector is nornially operated a t  a relatively hiqh 
temperature in  order to decrease the “sitting” time of 
the atoms on the wire so that  a servo technique of 
measurement involving 37.5 Mz modulation of the 
micronave excitation can be utilized. A t  9OOoC-1 OOOOC 
the oxide is stable for as  long as 13 hours-this is the 
longest continuous operating time to date on the thal- 
lium system. During this and siniilar long-term runs, 
the oxide showed no tendency to deteriorate. Ionization 

efficiency for this system has been estimated to  be a t  
least 50 percent. Signal-to-noise ratios for the central 
peak of the Ramsey resonance curve are generally in 
the vicinity of 300-400. 

The interaction length of 55 cm for the NBS I thal- 
lium standard results in a spectral line width of about 
280 Hz as compared to 330 Hz for the same machine 
operated with cesium. The loaded Q of the resonant 
cavity is 2800. The frequency shift observed upon rota- 
tion of the cavity by 180’ about a vertical axis, presum- 
ably resulting from a phase difference between the two 
oscillating field regions, is less than 2 X 10-12. Two such 
rotations were performed. 

During the course of the thallium investigations, this 
cavity was found to have become detuned by about 
6 MHz. This detuning of the cavity from the thallium 
transition frequency was accompanied by a shift in 
this frequency of 4 X lo-”. This detuning was attributed 
to a temperature-stress-tuning correlation even though 
this cavity had been provided with considerable me- 
chanical bracing. Further, the measured thallium transi- 
tion frequency depends significantly on the cavity tun- 
ing plunger position, \vith a frequency niinimuni occur- 
ring when the cavity is tuned to the thalliuni line fre- 
quency. This effect is not believed to be a result of 
frequency pulling by the resonant cavity, which is 
calculated to be only 0.0093 I-lz or about 4.4 X for 
a detuning of 6 i \ l H z ,  but rather a result of a changing 
phase difference het\\-een the two oscillating field re- 
gions of the cavity due to possible asymmetry of the 
tuning mechanism. 

This cavity, which is the second one constructed for 
the thallium system, has been provided with electro- 
formed copper end sections, smaller beam coupling 
holes, and electroformed extensions out from the beam 
holes to minimize field fringing effects a t  these holes. 
As a result, the dependence of the nicasured thallium 
transition frequency on microwave power level that  had 
been observed with the first cavity is eliminated, a t  
least for power levels below 50 mW. 

Considerations of accuracy are, for the present, 
necessarily confined to internal estimates. A second 
thalliuni standard is ncarly ready for operation and 
should provide ;I better indication o f  accurac).. 

I n  order t o  obt;tin an estimate for A N ,  tlie uiicertainty 
in the magnitude of the uniform magnetic held, tivo 
independent calibrations of tlie field using the (4, 1) 
~ ( 3 ,  1) transilion in cesium and the (1, l)-(O, 0) x 
transition in thallium were compared. A t  the relatively 
high field of 0.140 Oe used iii iiiost of the early measure- 
ments, the calibrations agreed to within 0.002 Oe. 
Considering OH to be &0.001 Oe, we find A v / v  to be 
f 3 X These data  were taken with a power supply 
not as stable or well regulated as the one used for NBS 
I I and NBS I I I ,  the N R S  cesium standards. 

T o  operate a t  0.070 Oe reasonable evidence must exist 
that  no overlap effects occur due to t h e  x transitions. 
This evidence is obtained from two sources. First, care- 



1966 BEEHLER AND GLAZE: THALLIUM 

f i l l  searches were made for T transitions with the C-field 
direction oriented for u transitions. The  signal-to-noise 
ratio of the u transition was always as good as 200. NO 
evidence of i~ transitions has ever been detected. Second, 
further evidence of the absence of overlap shifts is pro- 
vided by the plot of the frequency of the normal 
(1, 0)++(0, 0) transition vs. the square of the C-field 
current shown in Fig. 2. The half length of the vertical 
bar at each plotted point represents the precision of 
measurement (standard error of the mean). Any over- 
lap shifts should be most pronounced a t  low values of 
the C field. No significant deviation from linearity ap- 
pears even at the lowest field used of 0.015 Oe, ivhich 
corresponds to  a C-field correction of only 2 X The 
rms deviation of the points from the least squares line 
is only 4 x 10-12. 

Reversal of the C-field polarity produced no frequency 
shift within the measurement precision of 2.5 X lo-''. 
Such a shift had been observed with the earlier thallium 
cavity where significant leakage of the microwave radia- 
tion field from the beam holes was present. 

LIagnetic shielding of the C-field region is acconi- 
plished by a n  outer soft iron cylinder and an inner mu- 

linder. The  measured nonuniforniity of field 
along the length of the C-field region is \\Tithin *0.001 
(>e a t  ;I field of 0.050 Oe. This and the residual field of 
& 0.001 Oe produce negligible uncertainties in the fre- 
quency measurements and are not considered limitations 
a t  present. 

ri hlock diagram of the servo measurement system 
appears i n  1;ig. 3. The same t\vo independent servo 
s?.stcnis, employing 37.5 H z  modulation, that  are used 
regiilarly with the S B S  cesium standards are also us- 
able in the thallium case. The only modification required 
is to increase the peak frequency deviation due to  the 
modulation because of the greater relative line width for 
NBS I .  Comparisons of recent manual measurements 
\Tit11 servo measurements sholv agreement to  \\-ithin 
2 x The precision of measurement for the manual 
dxta \\;is 2.4X10-'*, and that  for the servo data  \vas 
1.5 x lo-". Interchange of the vitci~um tube servo sys- 
tem \\it11 the transistorized servo system resulted in a 
f requenq.  shift of less than 2 .5  X lo-'?, ~vhich \vas the 
precision of iiieasurement. A detailed evaluation of the 
vacuuni tulle servo sj~stem has been reported previ- 

'I'he pouw spectrum of the frecluenc?, multiplier chain 
used in the iiiea~ureiiient sl-stem has been improved by 
the addition of more adequately filtered poiver supplies. 
T h e  brightest sidebands of 60 Hz and  120 Hz are noiv 
tlo\vn about 35 tlR at the thallium transition frequent).. 
I'revious po\ver supplies contributed time dependent, 
;ts~.mmetric sidebands \vhich caused many nonrepro- 
ducible frequency shifts i n  the thallium transition 
frequency. 

The average precision of measurement for the thal- 
lium standard over one hour averaging times, as  deter- 
mined from more than one year's data ,  is 2 x when 
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Fig. 2 .  Thallium resonant frequency vs. square of C-field current. 
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Fig. 3 .  Block diagram of the thallium servo measurement system. 

compnred u ith a high quality quartz oscillator or either 
of the SBS cesium standards Occasionall? , measure- 
ment precisions of 4 x have been observed n i th  one 
of the cesium standards as  reference. LYhen the average 
standard error of the m e m  of 2X10-IL for a one-hour 
measurement is comp.md to the s tnndxd deviation of 
1 x lo-" for dail? measurements made over a period of 
months, 'I discrepancy is .tpparent, suggesting a lack of 
st,itistic,tl control in the me,isurement process. For 
interinedi,tte-length ine,isurement periods of several 
hours I\ ithin a given day, hou ever, such as the thirteen- 
hour-frequenc\ comparison of the t1i;lllium st,indard 
u i th  S B S  111, sho\\n i n  Fig. 4, much better control is 
indicated. Here, the average precision of the one-hour 
niesurenients is 1 X lo-'', hile the standard error of 
the medii for the group of 13 one-hour points is about 
6X1O-l3, this being an indication of thc precision ex- 
pected for a measurement averaged over a thirteen-hour 
period. The one-hour precision for XRS I11 is t) pically 
5 X which is only about 4 times better than the 
corresponding figure for the much shorter thallium 



58 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT 

“ . a 
m p = ~ )  transition in cesium] is 

~o(T1) = 21, 310, 833, 94.5.9 f 0.2 Hz. 

The quoted accuracy figure of f 0.2 Hz or f 1 X is 
a tentative bu t  best estimate from the accumulated 
data.  This frequency determination agrees with that  
obtained by the Swiss group a t  Neuchatel Observatory 
(VO 21,310,833,945.1 1.0 Hz) to within the quoted 
limits [4]. 

Future intentions for thallium standards include 
installation of permanent magnets of higher field inten- 
sity than those presently used in N B S  I ,  and evaluation 
of NBS I1 as a thallium standard. The  use of NBS I1 
will allow direct comparison of two thallium standards 
with the added benefit of the narrower spectral line 
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Fig. 4. 13-hour stability comparison of thallium standard, 
NBS 111, and a crystal oscillator (April 16-17, 1964). 

standard. In view of the ratio of the interaction lengths 
of about 7 ,  this precision comparison is encouraging. 

The precision associated with the thallium standard 
does depend on the oxide coating on the detector wire. 
As the detector wire ages and is oxidized away, the de- 
tection efficiency for the 0.013-cm wide beam drops, 
along with the intensity of the Ramsey pattern. As long 
as this intensity is a reasonable value (2-.5X10-12 
amperes of detected beam current), the precision is quite 
sa tisf ac tory. 

T h e  best value for the measured frequency of the 
( F =  1, mF=O)++(F=O, mp=0) transition in thallium in 
zero magnetic field [with respect to an assigned fre- 
quencyof 9192631770 Hz to the ( F = 4 ,  mp=O)-(F=3, 

CONCLUSION 
The  results obtained from the short thallium standard 

have been sufficiently encouraging to justify an evalua- 
tion of a longer and more refined thallium system. Com- 
parison of two independent thallium standards should 
provide a more reliable accuracy figure for comparison 
n-ith cesium and hydrogen. 
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