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ABSTRACT

Frequency measurements versus microwave power
(PHX)’ lamp temperature (Tp), and cell temperature
(T.) have been made on a passive Rb87 frequency
standard. The lamp and integrated cell, upon which
the measurements were made, are typical of the ma-
jority of the commercial rubidium standards in the
field. This is the first report of the frequency
dependence upon pr.

The data are discussed in terms of line inhomo-
geneity. A spatially varying resonant frequency of
the atoms in the cell plus their relative immobil-
ity produces inhomogeneities of roughly the magni-
tude used in the analysis. The good qualitative
fit of the calculations to our data makes us feel
that this inhomogeneity is the cause of the ob-
served dependence upon Py, and Tp.

I. Background

The vast bulk of the users of frequency stan-
dards find one version or another of quartz crystal
oscillator adequate for their purposes. There are
applications, however, where long term stability
better than Uy(2,7>l month) = 3x10710 jg required
[Jy(Z,T), the” square root of the two-sample Allan
variance, is a common and useful time-domain
measure of frequency stability].1 Atomic frequency
standards are used to meet these requirements and,
of the various types in use, the passive Rb gas
cell is probably the most prevalent.2 The stabil-
ity for a one-month averaging time (v=1 month) is

= 1 to 2x10~1! for most commercial units.Z>3 Such
a unit uses what 1is known as an integrated cell--a
single cell which contains both the Rb87 "working
gas" and the Rb85 gas which acts as an optical
filter.4 Long term stability data has been re-
ported on other units whose filter was external to
the cell.’:® These data yield Uy(Z,T = 1 month)
=2 to 4x10712,

It has been suggested that slow variations of
pumping lamp intensity are, at least partly, re-
sponsible for long term instabilities in some com-
mercial Rb standards.® (Those exhibiting
ny(2,T = 1 month) = 2 to 4x10712), It seemed
reasonable to us that variations in microwave power
level might also produce long term instabilities.
Implicit in the idea that fluctuation in these
parameters can cause instability, is the assumption
that the density of buffer gas in the cell is so
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high that any given rRb87 atom is essentially fixed
in position for a duration sufficient to allow
stimulated emission. This procedure allows a
usable signal-to-noise ratio by making wall relax-
ation negligible and by significantly increasing
the optical pumping efficienCy.7 Under these
conditions, the resonance frequency of the atoms in
one part of the cell will--if the pumping light is
spectrally displaced from the desired transition——
be different from that in other parts of the cell.
A change in either pumping light intensity (as
caused, for example, by a change in lamp temper-
ature) or microwave power will then change the
weighting of the sampling of the cell and result in
a frequency change. This is a line inhomogeneity
effect and it is this effect which is the main
subject of this paper.

II. Experimental Results on Frequency Shift

In the work reported here we have examined fre-
quency shift versus: microwave power (pr); lamp
temperature (Tp); cell temperature (T.); and
magnetic bias. Frequency measurements have been
made previously versus Ty and T., but measurements
versus Py, have not been reported.8 The effect of

a uniform magnetic field on the F = 1, mp = 0 —F
=2, mp = 0 transition is given as v = v, + 573 Hg.

The frequency of the Rb87 atoms in zero field is Vo
and (when the field, H,, is given in oersteds) the
output frequency, v, is given in hertz.

The measurements were made with the system
shown in Figure 1. The lamp, cell, photo detector,
and the temperature servos are of commercial design
and manufacture. The rest »f the system is from
our laboratory. The output of the cavity, to which
the step-recovery diode 1is coupled, is a spectrally
pure 6.835 GHz at a level of 2.0 mW.

Our cell contains Rb87 and Rb85 in their
naturally occuring proportion and Ny at a pressure
of approximately 1.3 K Pa (10 Torr).? This high
buffer gas pressure~-in addition to inhomogeneity
effects emphasized here--causes a significant fre-
quency dependence upon T.. We measured a frac-
tional frequency change of 3.3x10710/° C about the
nominal T. value of 73° C, Consequently, T, had to
be well stabilized and continually monitored.

Frequency measurements were made versus 1j
from about 100° C to 124° C., At the lowest value
of T, useful precision in frequency measurements
could be obtained at microwave levels from P, nax

to P, max —30 dB.  [With the uy atten (see



Figure 1) set to zero, the maximum possible power,
Pmeax' is.delivereq to the cavity. A rough esti-
mate of this power is 50 uW. The power at the
input to the attenuator, however, is an accurately
controlled 2 milliwatts. In the figures displaying
YRb versus Py, , the output power from the atten is
given in terms of the power at its input.] At the
highg;t value of Tp, the range was Plymax tO Pymax

Figure 2 displays frequency change versus Py s
at nominal values of T, and magnetic field of
~ 3x1073 Tesla (300 milligauss) for three values of
Ty,. From the point of view of frequency stability,
it is important to see that there is a zero slope
in the Ty = 112° C curve which corresponds to zero
power shift,

It is clear that the dependence on P#xis nor-
mally strong. For example, at T, = 112° C and a P
of -24 dB, a change of only 0.4 dB would produce a
change in frequency of about 1x10711,  Our mea-
surements and those of Allan and Stein® show that
the dependence of YRy, on Tp and T, can also be
quite strong for this type of unit. But, just as
for the dependence on Py, insufficient information
is available to conclusively decide on the impor-
tance of these parameters to the long term stabi-
lity of a typical commercial unit.

In our test setup, a solenoid (consisting of
two short segments of coil surrounding the cell)
produces~-in addition to the useful H, field--a dc
magnetic gradient along the axis of the cell. This
gradient is large and it results--in combination
with a high buffer gas pressure-—in a line inhomo-~
geneity that produces frequency shifts of practical
consequence.

al.l0 can be easily
axially varying fre-
For example, for a

The analysis of Busca et
generalized to account for an
quency due to multiple causes:
spatially varying light shift and a magnetic gra-
dient. From the knowledge of the geometry of the
solenoid around the cell and the current which it
carries, we have a rough estimate of the magnetic
gradient, We cannot, however, directly measure
light shift as a function of axial position because
the output line, in center frequency as well as in
amplitude, is a weighted mean of the response over
the entire cell, Nevertheless, it seemed that the
situation would be clarified if we repeated our
measurements of frequency versus Pyy and Ty, with no
current in the biasing coil, i.e., no applied gra-
dient.

Figures 3 and 4 are measurements with applied
gradient and without, respectively, so that Figure
3 is a repeat of Figure 2 except that we have added
one new parameter. For each value of Ty we now
make measurements with and without a neutral-
density optical filter of 50 percent transmission.
The rationale here was that light shift depends not
only on peak intemsity but also on the spectral dis-
tribution of the pumping light. Using the optical
filter changes only intensity and that by a known
amount.

II1., Interpretation of the Data
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Conditions are such as to cause the resonant
frequencies of the atoms to vary with axial posi-
tion in the cell. A comparison of Figures 3 and &
demonstrates a significant dependence upon the in-—
tentionally applied magnetic gradient.

To apply the theory, several other parameters
need also be known. At this point, a discussion of
the physical mechanisms involved will be useful.

A. Physical Mechanisms

Referring to Figure 5a, the net result of the
optical pumping is to overpopulate state 2 with
respect to state 1.} If then, microwave radiation
at a frequency corresponding to the 2-1 transition
is applied, the ensemble is moved back towards
thermal equilibrium. When the microwave frequency
Vi, 1is on resonance, the total light transmitted
through the cell to the photo detector is somewhat
smaller than if it is off resomance. If Vi is
swept through resonance, an absorption curve
results, the position of whose peak defines the
resonant frequency of the system. To obtain
effective optical pumpin%é it is standard practice
to use Rb as a filter. Unfortunately, the
filtering additionally produces a shift in the
resonant frequency called the light shift, Ls. 10

Use of an integrated cell--as in the present
study--further complicates the interpretation.
with Rb8% in the cell, rather than in a separate
filter, the F = 1 and F = 2 pump lines both arrive
at the front of the cell with significant inten-
sity. This means that the pumping in the front
part of the cell will be inefficient and that
portion of the cell will make very little
contribution to the net absorption. As the light
progresses down the cell the Rb8> atoms attenuate
the F = 2 line relative to the F = 1 and the
pumping efficiencg increases. Figure 5b shows the
overlap of the Rb 7 pump lines with the Rb85
absorption lines. If the relative intensities of
the two pumping lines at the front of the cell are
known, then the pumping rate I(z), as a function of
2 (the position along the axis of the cell) can be
calculated. In the unit under study, the lamp con-
tains both Rb87 and Rb85 so that there are four
emission lines rather than the two under discussion
above. The densities of the Rb87 and Rb35 in the
lamp have been chosen so as to significantly reduce
the L5.9 The presence of the additional pumping
lines further obscures the knowledge of T'(Z) with
the result that we are forced to assume a I[(Z) as
well as an LS dependence.

In this unit, as in other atomic standards, a
Z-directed magnetic bias is applied causing the
required magnetic component of the applied micro-
wave field to also be Z-directed. The axial distri-~
bution of this component in this and other Rb de-
vices has a sinusoidal dependence with a maximum in
the center of the cell., This means that for weak
Py, the major interaction, and thus the major de-~
terminer of the center frequency, comes from the
center of the cell. Knowledge of the microwave
field distribution plus an experimental measure of
linewidth versus Py, allows us to evaluate the
microwave excitation I'(Z). Figure 6 shows line-
width versus Ty, with P,, as a parameter. In



addition to permitting an empirical evaluation of
T(Z), these data aid in choosing a I'(Z) for use in
the calculation.

The large linewidth at large Py, is due to
saturation of the microwave transition. The high
buffer gas density holds the Rb atoms essentially
fixed in position over a duration long compared to
the stimulated emission time from states 2 to 1
(see Figure S5a). This means that the atoms near
the center of the cell are the first to experience
microwave saturation. As Pux is increased, the
position in the cell corresponding to the mean fre-
quency of response moves toward the back (photo
detector) end of the cell. Figure 7 shows the
maximum intensity (intensity at the peak of the
absorption) versus T} with Pu) as the parameter.
It can be seen that the saturation effect is more
pronounced at lower values of Ty (lower light
intensities).

B. The Calculation

What we want to calculate is the variation of
the pumping rate I''(z) as a function of the fre-
quency and intensity of the microwave si§nal. This
dependence is described by the equationl

dr'(z) = —Glnz(z)T'(z)dz (1)
where:
_ 16 [AIDI2 T @D
T2 T TH @RNT +acTHBH?
A(T') = 1/(5T" + 8) ;
C(T") = A(TY) [(I)? + 9T + 8]/(I" + 1)
' = 1"(2)/\(l H
@2 =B )1 /v, + T(2)/2) 5
Y} = longitudinal relaxation rate in the absence of

applied fields;

Yy = transverse relaxation rate in the absence of

applied fields;
is the frequency of the applied microwave field;

w' T+ alz);

W, is the center frequency of the Rb37 atoms in the
absence of applied fields;

a(z) is the total change in resonant frequency
brought about by effects such as LS and magnetic
gradient;

0] is a proportionality constant.

The variation in pumping light--as received at
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the photocell--is then obtained by integrating
dI'(Z) over the length of the cell:

L

AT = -GJ nz(z)F(z)dz

o

(2)

where L is the length of the absorption cell.

If, then, the microwave frequency is varied
and the integration of eq. (2) performed for each
frequency, the plot of light received at the photo-
cell versus frequency displays an absorption dip.

Equation (2) can be evaluated for a given set
of parameters if I'(z) is known for those condi-
tions, We have calculated the change in vgy, versus
P,y by assuming two functions for I'(z). The first
is to simulated the Ty = 124° C data of Figure 3
and the second to simulate the Ty = 116° C of
Figure 4.

These functions are based on the assumed form

2
_(Z~Zmax)

2

T'(z) = FmaxexP .

4 1n 2 (3)

where Ip,, is estimated from the experimental
results for light broadening (Figure 6). The
quantities zpa, and A were picked to give the best
fit to the data of Figures 3 and 4. For

TL = 124° C, zp,y is taken equal to L; for

Ty, = 116° C, zpax = L/2.

The low value of I'(z) at the entrance to the
cell (z = 0) represents the fact {(discussed above)
that the RbSS atoms have not yet exerted their
filtering effect. As the light progresses down the
cell the Rb83 filtering action and the absorption
due to the Rb87, F = 1 transition oppose each other
in determining I'(z). For sufficiently high Ty (or
low Rb87 density) the increasing efficiency predom-
inates and I'(z) increases all the way to the end of
the cell., Otherwise, the absorption attenuates the
light enough that I'(z) reaches a maximuw part way
down the cell and decreases thereafter.

Either of these assumed functiomns for I'(z) can
now be inserted into equation (2) and the output of
the photocell calculated. (This requires the addi-
tional approximation that the effect of the cell is
merely to alter the amplitude of the pumping line
and not its spectral distribution.) Figure 8 shows
calculations of the peak value (resonance value) of
A" as a function of microwave power. The assumed
I"(z) for T = 124° C was used. The +10 dB value
of B, is 10 dB greater than the maximum power
available in the experiment. The experimental
values (from the Ty = 124° C data of Figure 7) are
shown for comparison. The fit is good. Figure 9
shows the full linewidths calculated for the same
set of parameters. The data from Figure 6
(Ty = 124° C) is given for comparison. Again, the
fit is rather good.

To calculate Vg, versus Py we must also
assume a frequency gradient, ¢(z). The results of



such a calculation are particularly sensitive to
our assumptions for I'{z) and (z). We emphasize
again that our purpose in displaying these calcu-
lations is to show that the observed sensitivity of
vRp to T and Py, is due to line inhomogeneity and
not to claim that I''{(z) and a(z) exactly represent
the experimental situation. Figure 10 shows vgy
versus Py, for four sets of parameters. The upper
two curves simulate the Ty = 124° C data of Figure
3. For this calculation we have assumed a(z) to be
due entirely to an applied magnetic gradient. The
gradient 1s taken to be parabolic in shape, with
the field maximum in the center of the cell, and
with that maximum corresponding to a frequency ex-
cursion of 20 Hz. For the upper of the high light
intensity curves of Figure 10 we have used the
assumed T''(z) for Ty = 124° C. To simulate the
optical filter, the curve with crosses was calcu-
lated by reducing I''{z) by half.

The Ty, = 116° C data of Figure 4 is simulated
by the low light intensity curves of Figure 10.
For the "unfiltered" curve we have used the assumed
I'"(z) for Ty, = 116° C. I''(z) was reduced by half
for the other curve. For both curves we have again
assumed the magnetic gradient used for the other
pair, but, reversed the sign. DC magnetic field
measurements show that this is not only qualita-
tively correct but the gradient is even larger than
that due to the externally applied bias., This gra-
dient 1is due to the perturbing effect upon the
Earth's magnetic field of the magnetic shield sur-
rounding the cell.

Several points are worth noting about
Figure 10.

High Light Intensity

In moving from the filtered to the nonfiltered
curve (for fixed Py, ) the frequency increases. We
call this effect a “position shift."” It is a
totally different effect from the physical light
shift (which was set to zero in this calculation).
By removing the filter, the pumping rate is in-—
creased throughout the cell. Because the microwave
intensity maximizes in the center of the cell, the
increased pumping increases the relative contri=-
bution of the atoms in the middle portion of the
cell, thus shifting the center frequency of the
overall response to a higher value.

These curves exhibit a negative shift with
increasing Puy - The position shift again explains
this behavior. As Py, 1is increased the relative
contribution of the back end of the cell is in-
creased. Since the frequency of the atoms in this
portion of the cell is lower than in the center,
the net response moves to a lower frequency. RNot
shown in the figure is the expected result that, as
Puy 1is decreased to very low values, the two curves
asympotically approach horizontal lines.

There is a decreasing difference between the
filtered and unfiltered curves as Pu) is increased.
This 1s because the cell is becoming increasingly
saturated as Py) is increased, and consequently the
increment in the position shift becomes smaller.
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Each of the effects is in qualitative agree-
ment with the Ty = 124° C data of Figure 3.

Low Light Intensity

Because the sign of the gradient is reversed
here, the same arguments explain the reversed sign
of the power shift and of the apparent light shift.
Note that, unlike the high light intensity curves,
the sign of the apparent light shift changes sign
as Py goes to its maximum value. The same argu-
ments explain this when we recall that I''(z) maxi-
mizes near the center of the cell (rather than
monotonically increasing as before). Figure 4
shows that this reversal also occurs experimen-
tally.

In summary, the qualitative agreement is good
but the quantitative agreement is rather poor. Our
calculations strongly indicate that the spatial
variation of the magnetic bias predominates over
the gradient in the physical light shift im our
test setup. Nevertheless, qualitative arguments
suggest that a small light shift term would improve
the fit to the data. Because this term (and the
magnetic term, as well) may vary significantly from
unit to unit, we have chosen not to belabor the
point.,

V. Conclusions

Frequency measurements were made on a rubidium
lamp~and-cell system that is typical of the major-
ity of the passive rubidium frequency standards in
the field. The data show that frequency shift
versus Py can be a large effect. There is,
however, insufficient data to determine whether
variations in Py are the cause of the observed
long term instability in this type of unit. The
inhomogeneity model discussed here--which intro-
duces the "position shift" concept-~gives a good
qualitative fit to our frequency data. This is
strong indication that spatial gradients in fre-
quency combined with a relatively motionless
ensemble of atoms provide the physical mechanism
behind the data.
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Figure 1I. Block diagram of experimental setup.
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