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FREQUENCY STABILIZATION OF AN ATOMIC CLOCK AGAINST VARIATIONS OF
THE C-FIELD

Cross-reference to Related Applications

This application claims the benefit of United States Provisional Patent Application
Serial No. 61/447,850 filed March 1, 2011, the entire contents of which is herein

incorporated by reference.

Field of the Invention

The present invention relates to atomic clocks, in particular to atomic clocks that
use the Ramsey technique of time-separated electromagnetic fields to derive their rate

from an atomic transition which has no first-order dependence on the magnetic field.

Background of the Invention

Atomic clocks maintain a stable rate by locking the frequency of their local
oscillator to the frequency of a selected atomic transition. Since the frequency of an
atomic transition is stable, reproducible and universal, atomic clocks are used as

standards for frequency and time.

For these atomic clocks to function properly, a magnetic field (the C-field) must be
applied on the atoms. A problem with presently available atomic clocks is that the C-field
can change with time, causing changes in the clock rate. The C-field can change for
several different reasons including aging and hysteresis of the shield material,
environmental temperature fluctuations, variations of the external magnetic field,
magnetization of the shields, mechanical shocks, and ageing of the electronic circuits.
Furthermore, another problem arises because the C-field is not perfectly spatially uniform,
causing problems in evaluating the exact rate of the clock. Spatial non-uniformities of the
C-field can be caused by non-uniformities of the shield material, necessary compromises
in the design such as space restrictions and access holes, and the presence of other

magnetic materials.

Because the frequency inaccuracy of the atomic clock is strongly dependent on
the C-field, some methods have been proposed to reduce the magnetic field sensitivity.
These methods can be classified by the type of mitigation used to reduce the magnetic

field sensitivity. Four of these classes are listed here.

A) Use atomic transitions with a weak frequency dependence on the C-field:

1
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The Zeeman effect is a change of the frequency of atomic transitions as a function
of the magnetic field. In most atoms, the Zeeman effect is linear for all but a few
transitions, for which it is quadratic. Below a certain value of the magnetic field (atom and
transition dependent), the frequency dependence of the transitions obeying the quadratic
Zeeman effect is much smaller than the linear frequency dependence. Such transitions
are therefore selected to operate the atomic clock. (Examples of atomic transitions
obeying the quadratic Zeeman effect, the so-called 0-0 transitions, are: In cesium: the
I3, 0> - |4, 0> transition; this is also used in the definition of the SI second; in rubidium,
the |1, 0>- |2, 0> transition; in hydrogen: the |0, 0>- |1, 0> transition.) The reduced
sensitivity of the transition frequency on the C-field improves the stability of the clock
against variations and non-uniformity of the C-field (see Fig. 4, transition labeled 0-0).
However in some state-of-the-art clocks, the sensitivity is still too large. Another
possibility is to use a large C-field at a value for which the frequency dependence of the
transitions becomes null (De Marchi 1993). The selected transition is between the states
|3, -1> and |4, -1> (shown as “-1,-1” in Fig. 4). This method suffers from the need to

produce an extremely uniform C-field, which has not been done successfully yet.

B) Build very stable electronic circuits, use permanent magnets and use shielding to

produce a stable C-field:

The reduction of possible changes of the C-field has also been addressed by
attempting to stabilize the C-field using passive stabilization or active feedback. For a
C-ield generated by a current, the current can be stabilized to a constant value.
Magnetic shielding is also used to mitigate magnetic field variations, and permanent
magnets can be used to generate the C-field. All these methods suffer from a large
sensitivity on the temperature. Temperature variations produce changes in the circuit,

shields or magnets which affect the C-field.
C) Compensate using feedback from a measured value of the C-field:

Several methods have been proposed to measure the C-field and correct its value
to keep it constant. One example is the “ac C-field” method (Stern 1992), which uses the
average clock frequency measured with alternating polarities of the current producing the
C-field. Another similar but simpler method proposes to use a dual frequency synthesizer

(Rubiola 1993) to run a clock at a high C-field while simultaneously measuring the C-field.

Other methods involving some kind of adjustment to the C-field have been

attempted (Lepek 1990; Rabian 1990; Stern 2003). However, it is known in the art that
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such C-field adjustments are not reliable (Barnes 1988), because after a C-field
adjustment, the frequency often relaxes back to almost where it started. Most of such
stability problems have been traced to the magnetic shields and their hysteresis effects
and experts generally discourage C-field adjustments to fine tune the clock. All methods
of this class suffer from these common problems: Measuring the C-field interferes with
the operation of the clock and requires a complex system. |If the current generating the
Cield is varied, hysteresis causes linearity problems, making the active feedback system
less reliable. As a result the rate of the atomic clock changes, decreasing its stability and

accuracy, and thus the performance of the clock.

Yet other methods (Braun 2010) employ the idea of using a clock running on the
end-transitions. Since the end-transitions are linearly dependent on local magnetic fields,
an approach is taken to actively lock the local field to a pre-determined value. This
approach involves sensing, and with feedback electronics, maintaining the local bias field
at a constant value. Therefore, these methods use a measurement of the Zeeman
splitting to control the C-field with a feedback circuit where the rf magnetic field applied for
the measurement is very weak for minimal disturbance of the clock. These methods also
suffer from an increased complexity of the system, do not provide compensation for the

non-uniformity of the C-field, and require unreliable C-field adjustments.
D) Compensate using feed-forward:

Another technique is to provide a feed-forward mechanism based on the value of
the C-field. For example, United States Patent 7,439,814 (Happer 2008) proposes the
“Multi-Coherent method”, which uses a combination of many microwave frequencies,
radio frequencies or optical pumping to achieve multiple measurements simultaneously.
However, it only reduces the dependence of the frequency on the C-field by 33% (by
using an average of all me states) and is a complex method to implement. Another
description related to using feed-forward is found in the Hewlett-Packard 5062C “Cesium
Beam Frequency Reference Training Manual” (Nov. 1974). The microwave field used by
the clock can be modulated with an rf signal to fine-tune its frequency. However, no
indication is made on how to use this to improve the frequency stability of the clock using
that system. Also, these two methods above suffer from problems associated with an
increased complexity of the microwave synthesizer which affect the long-term frequency
stability of the clock.
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There remains a need in the art for methods of stabilizing the frequency of atomic
clocks against C-field variations which does not suffers from the problems encountered in

one or more of the four classes above.

Summary of the Invention

In one aspect of the invention there is provided a method of stabilizing frequency
of an atomic clock against variations and non-uniformity of C-field, the method comprising
applying a rf magnetic field perpendicular to the C-field to cause a coherent population
transfer between Zeeman states that compensates exactly for quadratic frequency shift of
clock transition over a region defined by trajectory of atoms between their interaction with

two rf excitations.

Thus, the present invention relates to a method in which a radio frequency (rf)
magnetic field is added to the C-field to produce an asymmetry on an electromagnetic
Ramsey signal, for example a microwave or optical Ramsey signal. As a result, the
locking frequency of the servo control shifts in a direction opposite to the frequency shift
of the clock transition. It is a feed-forward method in which 100% of the dependence of
the frequency on the C-field can be compensated. The rf magnetic field is oriented
perpendicular to the C-field and its frequency is tuned to a control frequency fc near the
Zeeman-splitting frequency so that transitions between the AF =0, Amg = +1 states are
possible. Two rf magnetic field pulses, timed between the electromagnetic Ramsey
pulses, are applied on the atoms. The population in states |F,-1> and |F, 1> is
transferred to the state |F, 0>, producing an rf Ramsey signal similar to the signal shown
on Fig. 2, with the abscissa showing the difference between f; and the Zeeman-splitting

frequency f.

The frequency of the rf magnetic field is modulated at the two frequencies
indicated by a and b in Fig. 2, synchronously with the modulation of the frequency of the
electromagnetic field. If the Zeeman frequency f; is equal to the control frequency fc, the
rf Ramsey signals are equal at points a and b and the lock point of the servo system is
unaffected. However, if the value of the C-field changes, the rf Ramsey signals is
unbalanced and the servo circuit locks the local oscillator to the 0-0 transition (of
frequency fy) with an offset. In a typical clock, f; is several thousands of times more
sensitive on the value of the C-field than fy. It is thus necessary to use an rf magnetic
field of small amplitude to produce an rf Ramsey signal several thousands of times
smaller than the microwave signal. Also, the frequency offset of both the f Ramsey

signal and the electromagnetic Ramsey signal is positive. In order to compensate the

4
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frequency shift of the 0-0 transition, the contribution from the rf Ramsey signal is made
negative by using a modulation which is out of phase with respect to the electromagnetic
modulation (e.g. when the electromagnetic frequency is at point a, the rf frequency is at
point b, and vice versa.) As a result, the C-field sensitivity is exactly cancelled.

Since the C-field is sampled by each atom along its individual trajectory, spatial
variations of the C-field are cancelled as well as temporal variations. Thus, there is
provided a method of stabilizing the frequency of an atomic clock against C-field non-
uniformity and variations by applying rf magnetic oscillations. The rf magnetic oscillations
produce a compensation directly at the level of the frequency servo loop. No feedback
based on a measurement of the C-field has to be applied to the C-field dc current. This
method improves the stability of a clock by factor determined by the amplitude stability of

the rf magnetic oscillations.

Further features of the invention will be described or will become apparent in the

course of the following detailed description.

Brief Description of the Drawings

In order that the invention may be more clearly understood, embodiments thereof
will now be described in detail by way of example, with reference to the accompanying

drawings, in which:

Fig. 1 is a schematic diagram of a physics package of a prior art atomic clock.
The frequency of its local oscillator is locked to the frequency of an atomic transition
which has no first-order dependence on the magnetic field and uses the Ramsey

technique of time-separated microwave fields.

Fig. 2 is an example of an ideal Ramsey signal obtained from the atomic clock of
Fig. 1 as a function of the frequency of the excitation described by the function R(f).

Fig. 3 is a diagram of an electronics package used in atomic clocks.

Fig. 4 is a diagram of the hyperfine energy levels in a cesium atom. The relative

frequency of each level is plotted as a function of the magnetic field.

Fig. 5 is a diagram representing rf pulses applied on atoms. The time between
the end of the first microwave Ramsey pulse and the beginning of the second microwave

Ramsey pulse is equal to 1.
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Fig. 6 is a schematic diagram of the electronics package used in an atomic clock
with the additional rf synthesizer used to control the signal sent to the excitation

electrodes.

Fig. 7 is a schematic diagram of a physics package of an atomic clock in a first
embodiment of the present invention. This is Fig. 1 with additional electrodes that
produce a magnetic field perpendicular to the C-field over the entire length of the

interrogation region.

Fig. 8 is a schematic diagram of a physics package of an atomic clock in a second
embodiment of the present invention. This is Fig. 1 with additional electrodes that
produce a magnetic field perpendicular to the C-field over a part of the interrogation

region.

Fig. 9 is a diagram of an embodiment of a method of the present invention. The
populations in the relevant states are shown by the circles: a) after the first state selector,
b) after the first microwave Ramsey pulse, c) after the first rf Ramsey pulse, d) after the
second rf Ramsey pulse, €) after the second microwave Ramsey pulse, f) after the

second state selector.

Fig. 10 is a measured rf Ramsey signal obtained from an atomic clock as a
function of the frequency of the excitation described by the function R(f). The two curves

are the signals obtained with different timing t. This demonstrates how the signal can be

adjusted for exact compensation.

Detailed Description of the Invention

Fig. 1 is a schematic diagram of a “physics package” of a standard atomic clock.
A source of cesium atoms 1 produces an atomic beam 2 directed along the longitudinal
axis of the clock. The source produces atoms distributed between the possible atomic
states |[F, mg>. A “first state selector” 3 transmits the atoms which are in any of the states
[3, mg> and rejects the atoms in the |4, me> states (the cesium atom is used for the
discussion). Using a microwave cavity, a first microwave field 5 imposes a n/2-pulse at
the hyperfine transition frequency between states |3, 0> and |4, 0> (also called the 0-0
transition or the clock transition). The result is an atomic state-superposition oscillating at
the frequency of the 0-0 transition. The atoms drift in a region of constant and uniform
magnetic field until they are imposed a second microwave =/2-pulse in the second
microwave field 6 — this is the Ramsey technique of time-separated microwave fields
(Ramsey 1950). After exiting the second microwave field, the atoms will be in the |4, 0>

6
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state if the frequency of the microwave field is equal to the frequency of the 0-0 transition.
A second state selector 4 transmits the atoms which are in any of the states |4, mg> and
rejects the atoms in the |3, me> states. These atoms reach the detector 7 and produce a
microwave Ramsey signal. The constant and uniform magnetic field in the region
between 5 and 6, called the C-field, is produced with a constant current flowing through
the C-field electrodes 8 and 9. The C-field is parallel to the magnetic component of the
microwave fields 5 and 6. A magnetic shield (not shown) encloses the C-field region to

provide the maximum isolation from variations of external fields.

Fig. 2 shows a typical microwave Ramsey signal (called Ramsey fringes) obtained
from the detector 7 in Fig. 1 as a function of the frequency fuw of the microwave field.
The abscissa shows the difference between fyw and the frequency of the 0-0 transition
fo0, With zero centered on the graph. When the frequency fuw is equal to the frequency of

the 0-0 transition, the microwave Ramsey signal reaches a maximum.

Fig. 3 shows a schematic diagram of the electronics package of an atomic clock.
A local oscillator determines the clock rate. Its frequency is stable but not accurate, and
thus requiring an adjustment. The signal from this local oscillator is used by the
microwave frequency synthesizer to generate a microwave signal at a frequency near fgo.
The two frequencies of Fig. 2 a and b are generated by adding and subtracting the
frequency of the signal generated by the offset frequency generator. A modulator
alternately selects frequencies a and b in synchronism with the output signal from a
modulation frequency generator. The output of the modulator is sent to the microwave
cavity. The microwave Ramsey signal from the detector is sent to the demodulator part
of a servo control. The servo control adjusts the frequency of the local oscillator to keep

the microwave Ramsey signals measured at points a and b equal.

The technique keeps the frequency of the local oscillator precisely locked to the
frequency of the 0-0 transition, and thus the rate of the clock remains very stable.
However, the frequency of all atomic transitions is a function of the magnetic field
(Zeeman effect), which implies that the clock rate is affected by the value of the C-field.
Fig. 4 shows the dependence of the atomic state frequency on the magnetic field for a
cesium atom. For small magnetic fields (smaller than 40 mT in cesium), all but the 0-0
transitions have a linear frequency dependence on the magnetic field (Zeeman splitting).
The 0-0 transition is the transition with the smallest (but non-null) frequency sensitivity on
the C-field. In order to keep the frequency of the clock as constant as possible, special
care must be taken to produce a uniform C-field which will be stable over extended

periods of time.
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A variation of the C-field away from its nominal value B, produces a shift of the
Ramsey fringe 8g = Cy | (Bz(z)-Boz) dz, where B(z) is the value of the C-field at position z
integrated along the trajectory between the two microwave Ramsey excitations, and Cy is
a constant determined by atomic properties (C, is equal to 42.745 mHz/uT2 in cesium).
For small variations of the C-field away from its nominal value (B(z)-By << Bo) the
frequency shift of the microwave Ramsey fringe is 6r = 2B,Cif (B(z)-By) dz. The
frequency shift of a Zeeman transition between the Amg = +1 states is given by &z =
C.l (B(z)-By) dz, where C, is a constant determined by atomic properties (C; is equal to
3.5 kHz/uT in cesium). Thus, we can express the frequency shift of the Ramsey fringe
8r = 2BoC187/C; = €53

Two rf magnetic pulses at a control frequency fc and tuned near the Zeeman
frequency f; = C,f B(z) dz are added to the C-field. This is to produce a small population
transfer between the AF = 0, Amg = +1 states. The two rf pulses are an implementation of
the Ramsey technique using rf magnetic fields using the circuit shown in Fig. 6. Thus,
this technique uses a rf Ramsey interrogation within a microwave Ramsey interrogation.
The frequency of the rf signal is also modulated in synchronism with the microwave
modulation, and so part of the signal from the detector has the dependence shown in
Fig. 2, with the abscissa showing f¢ - f; = fc - C,/ B(z) dz. Since the Zeeman frequency
shift is much larger than the Ramsey shift (52/6r is equal to 1/e = 6820 for a typical field of
6uT in a commercial cesium beam clock), the rf pulses need only to have a small
amplitude such that only a small fraction of the population is transferred. Such an rf

Ramsey signal is confirmed experimentally (Marmet 2011) and is shown in Fig. 10.

The states of interest for the microwave Ramsey interrogation are the states |3, 0>
and |4, 0> (the notation |F, mg> is used). Since the rf magnetic pulses have a small
amplitude, these two states connect to the states |3, -1>, |3, 1>, |4, -1> and |4, 1>. The
contribution from the other states is negligible and not considered in this discussion.

Here, we use non-normalized populations to describe the populations in each state
as.1|3, -1>, azol3, 0>, a31|3, 1>, ag1]4, -1>, asold, 0> and ay|4, 1>, and pz.1 = az.1f°
p30 = |asol®, P31 = 1@zl pat = las1l’ pao = |asol’, and paq =lass. Fig. 9 shows a

diagram of the atomic populations, with cesium being used as an example. Fig. 9 a: After

the first state selector, only the atoms with populated |3, mg> states are transmitted. The

populations are and p3.q1 = p3g= p31= 1 and pg.1 = pao = p41=0. Fig. 9 b: The first

microwave Ramsey pulse produces a coherent state-superposition between the states
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I3, 0> and |4, 0>, with p3.1 = p31 = 1, pa-1 = p41 =0, and p3p = pgo = 0.5. Fig. 9 c: The
first f Ramsey pulse produces several coherent state-superposition between the
following states: |3, -1> and |3, 0>, |3, 1> and |3, 0>, |4,-1> and |4, 0>, and |4, 1> and
|4, 0>. The resulting populations are p3.1 = p31 = 1- 3¢/8, p3p = 0.5 + &/4, p4-1 = p41 = /8
and p4g = 0.5 - ¢/4. The value of ¢ is related to the amplitude of the rf magnetic field and
is kept small (of the order of 8r/3;). Fig.9d: The second rf Ramsey pulse, is phase
shifted by n/2 (that is, the rf frequency tuned to points a or b on Fig. 2) and produces

more population transfers between the states: |3, -1> and |3, 0>, |3, 1> and |3, 0>, |4, -1>
and |4, 0>, and |4, 1> and |4, 0>. The resulting populations are p3p = 0.5 + eR(fc-f2),
pa-1 = pa1 = eR(fe-fz)/2 and pag = 0.5 - eR(fc-fz), where R(fc-fz) is the Ramsey function

plotted in Fig.2. Fig.9e: The second microwave Ramsey pulse produces more

population transfer between the states |3, 0> and |4, 0>, resulting in the populations
pa-1 = paq = eR(fe-fz)/2 and pao = R(fuw-foo). Fig. 9 f: After the second state selector, only
the atoms with populated |4, mg> states are transmitted, resulting in the populations
p3-1 =p30 = p31 = 0, pa-1 = pat = eR(fc-f2)/2, and pag = R(fuw-foo). Finally, the detector

measures the total population resulting in a signal
S = p3.1 +p30 + P31 * pa-1 * pao *+ pat1 = R(fww-foo) + eR(fe-fz). Eq. (1)
(Without rf pulses (e.g. € = 0, prior art), the detected signal would be Sy = R{fuw-fo).)

The feedback signal S is calculated by using the function R(f) at the two operating
points Fig. 2a and b. Near these points, the function can be simplified to the linear
relation (first order Taylor expansion) R(f)= 1/2 + B(Af+f), where Af is the offset
frequency, the “-“ is for point a on Fig. 2, and “+” is for point b on Fig. 2. In order to
compensate the frequency shift of the 0-0 transition, the contribution from the rf Ramsey
signal is made negative by using a modulation which is out of phase with respect to the
microwave modulation (e.g. when the microwave frequency is at point a, the rf frequency

is at point b, and vice versa.) The signal is then

S = #B[(ferock-foo) - e(fc-fz)] + (1 + £)(1/2 + BAF).
Using

foo=Cq | 502 dz + 6r

and
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fz-fc = Cz!‘ B(Z) dz - Cz_[ Bodz=9;= 6RC2/(ZBOC1),
the signal is
S= iB[fCLQCK - SR(1 - SCQ/(ZBQC1) )] + K,

where K is a constant. The servo control modifies fcock in order to keep the signal S
constant. The value of &g depends on the C-field, but with the choice ¢ = 2B,C+/C, it is
multiplied by zero, therefore removing the dependence of the signal S on the value of the
C-field.

Thus, by selecting the amplitude of the rf pulses so that ¢ = 2B,C,/C,, the
frequency shift of the rf Ramsey signal will cancel the frequency shift of the microwave
Ramsey signal. The small value of £ < 0.0002 needed for this method is to be contrasted
to the large population transfer (effectively 100% or € = 1) used in the “Multi-Coherent
method” (Happer 2008) where the me =0, +1, 42, etc. states are completely mixed by

large rf signals.

With the appropriate selection of the rf pulses amplitude, the rf Ramsey signal
added to the microwave Ramsey fringes (the error signal steering the frequency of the
clock) cancels and C-field deviation away from the nominal value determined by the
frequency of the rf oscillations fc. Since the C-field is sampled by each atom along its
individual trajectory (as represented by the integral | B(z) dz), spatial variations of the
C-field are cancelled as well as temporal variations. Thus, there is provided a method of
stabilizing the frequency of an atomic clock against C-field non-uniformity and temporal
variations by applying rf magnetic pulses perpendicular to the C-field to cause a coherent
population transfer between Zeeman states that compensates for the quadratic frequency
shift of transitions of the clock. Thus, the rf magnetic pulses produce a compensation
directly at the level of the frequency servo loop. No feedback based on a measurement
of the C-field has to be applied to the C-field dc current.

The dc current producing the C-field does not need to be actively modified, the
microwave synthesizer circuit need not be modified from prior art and no additional
measurement cycle is necessary. This can improve the stability of a clock by a large
factor (e.g. by a factor of five or more) against changes of the C-field without changing
other aspects of the clock. Leaving other aspects of the clock alone is a desirable

practice when working with standards, especially when long term stability is important.

10
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The present invention may be implemented in any atomic clock, for example a
fountain clock or a beam clock. The atomic species used for the frequency reference
must have the proper spectroscopic structure, such an alkali metal standard (e.g. a
cesium standard or a rubidium standard). It is an advantage of the present invention that
its implementation in an atomic clock is relatively straightforward and inexpensive.
Implementation requires only a few excitation electrodes to be added to the central part of
an existing clock design, preferably inside all metal layers since the rf magnetic field is

cancelled by conductors.

Examples

Embodiment #1: Excitation electrodes producing a transversal field over the entire region
of the C-field.

Referring to Fig. 7, a first embodiment of an atomic clock in accordance with the
present invention has many of the same features as a standard atomic clock including
source of cesium atoms 11, atomic beam 12, 1% state selector 13, 1% microwave field 15,
2" microwave field 16, 2™ state selector 14, detector 17 and C-field electrodes 18 and
19. In this embodiment, a series of pulses are generated regularly, spaced in time so that
a pair of pulses fits within the time between the two microwave Ramsey excitations. Two
additional “excitation electrodes” 20 and 21 produce a magnetic field which is transversal
(in relation to the axis of atomic beam 12) and perpendicular to the C-field, over the entire
length between microwave pulses 15 and 16. The signal sent to the excitation electrodes
is generated with the circuit depicted in Fig. 6. The pulses are shown in Fig. 5, where the
time between two microwave Ramsey excitations is equal to 1 on the abscissa.
Depending on their position, the atoms are subjected to one or two rf magnetic pulses.
Most atoms are subjected to only one rf pulse during the time between the microwave
Ramsey pulses. However, the atoms receiving the first rf magnetic pulse just after the
first Ramsey pulse will be subjected to two rf pulses. For those atoms, the method is
applicable. With rf pulses as shown in Fig. 5, about 10% of the atoms participate to the rf
Ramsey signal. The smaller signal can be compensated by using a value for ¢ ten times

larger.

Embodiment #2: Excitation electrodes producing a longitudinal field over two short

sections near the microwave excitation regions.

Referring to Fig. 8, a second embodiment of an atomic clock in accordance with

the present invention has many of the same features as a standard atomic clock including
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source of cesium atoms 31, atomic beam 32, 1% state selector 33, 1% microwave field 35,
2" microwave field 36, 2™ state selector 34, detector 37 and C-field electrodes 38 and
39. In this embodiment, a constant rf magnetic field is produced but since the rf fields are
localized, the atoms experience two pulses between the two microwave Ramsey
excitations. Two additional “excitation electrodes” 40 and 41 produce a magnetic field
which is longitudinal (parallel to the atomic beam) and perpendicular to the C-field, over
short lengths near the microwave excitation fields 35 and 36. The signal sent to the
excitation electrodes is generated with the circuit depicted in Fig. 6. The temporal pulses
experienced by the atoms are shown in Fig. 5, where the time between two microwave
Ramsey excitations is equal to 1 on the abscissa. All atoms are subjected to two rf

magnetic pulses and the method is applicable as described above with a small value of .

Embodiment #3: A clock with an atomic source producing atoms only in the state |3, 0>,

e.g. some fountain clocks.

In this embodiment, the electrode set-ups of embodiment #1 or #2 can be used.
In this case, the method uses the small difference between the Zeeman frequency
splitting between the |3, me> states and the splitting between the |4, me> states. The
constant C, used above is specific to the value of F, e.g. Cy(F=3) = 3509.8 Hz/uT and
Cy(F=4) = 3498.6 Hz/uT in cesium. After the first state selector, the populations are

P30 =1, and p3.1= p3t1 = ps-1= pao= p41=0. The first microwave Ramsey pulse
produces a coherent state-superposition between the states |3, 0> and |4, 0>, giving
P3-1 = P31 = pa-1 = p41 =0 and p3o = pgo = 0.5. The first rf Ramsey pulse produces the
populations p3.1 = p31 = pa-1 = psaq =¢€/8 and p3p= psg= 0.5-¢/4. The value of ¢ is

related to the amplitude of the rf magnetic field and is kept small (of the order of 8g/5; ).

The second rf Ramsey pulse, is phase shifted by n/2 (that is, the rf frequency tuned to

points a or b on Fig.2). The resulting populations are p30 = 0.5 + eR(fc-z3),

Pa-1 = p41 = eR(fe-fz4)/2 and pgg = 0.5 - eR(fc-fz4), where R(fc-fz) is the Ramsey function
plotted in Fig. 2 and fz is f; calculated with the constants C,(F). The second microwave

Ramsey puise produces the populations P4-1 = pa1 = eR(fc-fz4)/2 and
P40 = R(fmw-foo) - e[R(fc-fz3)+R(fc-fz4))/2.  After the second state selector, only the atoms
with populated |4, me> states are transmitted, resulting in pP3-1 =p30 = p31 = 0. Finally,

the detector measures the total population resulting in a signal S = p3-1+ p3g+ p3q t+

P4-1 + pao + pa1 = R{fuw-foo) + e[R(fo-fza) -R(fe-T23))/2.
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The feedback signal S is used in the same way as the signal of Eq. (1), except
that here the correction term R(fc-fz4) -R(fc-fz3) provides the sensitivity on the C-field to be
used as a first-order correction to the second-order Zeeman shift.

References: The contents of the entirety of each of which are incorporated by these

references.

Barnes JA, Rodrigo EA. (1988) “Fine Tuning of Atomic Frequency Standards,” United
States Patent 4,740,761 issued April 26, 1988.
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Interrogated, End Transition, Chip-Scale Atomic Clock”. United States Patent US
7,852,163 issued December 14, 2010.

De Marchi A., “The high C-field concept for an accurate cesium beam resonator,” Proc.

7th European Frequency and Time Forum, Neuchétel, Switzerland, March 1993.

Happer W, Jau YY, Gong F. (2008) “Method and system for operating an atomic clock
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7,439,814 issued October 21, 2008.

Hewlett-Packard 5062C (1974) “Cesium Beam Frequency Reference Training Manual.”
http://lwww.leapsecond.com/museum/hp5062c/theory.htm, Nov. 1974.
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Larmor Frequency.” IEEE International Frequency Control Symposium. 312-317, 2010.

Marmet L. (2011) “Reduction of the Magnetic Sensitivity of an Atomic Clock Against the
non-Uniformity and Variations of the C-field”, IEEE International Frequency Control

Symposium, 1-5.

Rabian J, Potet J-C, Buchon M. (1990) “Atomic Clock,” United States Patent 4,943,955
issue July 24, 1990.

Ramsey N.F. (1950) “A Molecular Beam Resonance Method with Separated Oscillating
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Rubiola E, Del Casale A, De Marchi A. (1993) “A Dual Frequency Synthesis Scheme fora
High C Field Cesium Resonator.” Proceedings of the 47th |EEE International Frequency
Control Symposium. 105, 1993.

Stern A, Levy B, Bootnik M, Detoma E, Pedrotto G. (1992) “Rubidium Frequency
Standard with a high Resolution Digital Synthesizer.” Proceedings of the 46th IEEE

International Frequency Control Symposium. 108, 1992.

Stern A, Levy B. (2003) “Atomic Frequency Standard and System Having Improved Long
Term Aging.” United States Patent 6,614,321 issued September 2, 2003.

Other advantages that are inherent to the structure are obvious to one skilled in
the art. The embodiments are described herein illustratively and are not meant to limit
the scope of the invention as claimed. Variations of the foregoing embodiments will be
evident to a person of ordinary skill and are intended by the inventor to be encompassed

by the following claims.
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Claims:

1. A method of stabilizing frequency of an atomic clock against variations and non-
uniformity of C-field, the method comprising applying a rf magnetic field perpendicular to
the C-field to cause a coherent population transfer between Zeeman states that
compensates exactly for quadratic frequency shift of clock transition over a region defined

by trajectory of atoms between their interaction with two rf excitations.

2. The method according to claim 1, wherein the atomic clock has an atomic source
that produces a continuous beam of atoms distributed over more than one magnetic
state, and wherein population in adjacent states mg =-1 and mg = 1 are used to produce

the compensation for the quadratic frequency shift.

3. The method according to claim 2, wherein electrodes generate the rf magnetic
field over an entire electromagnetic Ramsey interrogation region, and the electrodes are
powered by periodic rf current-pulses having a period with pulse-pairs timed to fit
between electromagnetic Ramsey pulses of the electromagnetic Ramsey interrogation.

4, The method according to claim 2, wherein spatially separate electrodes
continuously generate two rf magnetic field regions separated by enough distance to fit
between electromagnetic Ramsey pulses of an electromagnetic Ramsey interrogation

region.

5. The method according to claim 3 or 4, wherein the electromagnetic Ramsey
interrogation region is a microwave Ramsey interrogation region and the electromagnetic
Ramsey pulses are microwave Ramsey pulses.

6. The method according to claim 1, wherein the atomic source is pulsed and
produces atoms in a single hyperfine state mg =0, and different Zeeman-splittings of
lower and upper levels are used to produce the compensation for the quadratic frequency
shift.

7. The method according to claim 6, wherein electrodes generate the rf magnetic
field over an entire electromagnetic Ramsey interrogation region, and the electrodes are
powered by periodic rf current-pulses having a period with pulse-pairs timed to fit

between electromagnetic Ramsey pulses of the electromagnetic Ramsey interrogation.

8. The method according to claim 6, wherein one electrode continuously generates
one rf magnetic field region located just above an electromagnetic Ramsey pulse of an
electromagnetic Ramsey interrogation region.
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9. The method according to claim 7 or 8, wherein the electromagnetic Ramsey
interrogation region is a microwave Ramsey interrogation region and the electromagnetic

Ramsey pulses are microwave Ramsey pulses.

10. The method according to claim 1, wherein the atomic source produces a
continuous beam of atoms in a single hyperfine state mg =0, and different Zeeman-
splittings of lower and upper levels are used to produce the compensation for the

quadratic frequency shift.

1. The method according to claim 10, wherein electrodes generate the rf magnetic
field over an entire electromagnetic Ramsey interrogation region, and the electrodes are
powered by periodic rf current-pulses having a period with pulse-pairs timed to fit

between electromagnetic Ramsey pulses of the electromagnetic Ramsey interrogation.

12. The method according to claim 10, wherein one electrode continuously generates
one rf magnetic field region located just above an electromagnetic Ramsey pulse of an
electromatgnetic Ramsey interrogation region.

13. The method according to claim 11 or 12, wherein the electromagnetic Ramsey
interrogation region is a microwave Ramsey interrogation region and the electromagnetic

Ramsey pulses are microwave Ramsey pulses.
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