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ABSTRACT 
 

The accuracy of an atomic clock depends in part on the bandwidth of the relevant atomic 

transitions.  Here we consider an ensemble of N  atoms whose transition frequencies 

have been independently perturbed by environmental effects or other factors.  We 

consider the possibility of using the quantum Zeno effect to lock the relative phase of the 

atoms, which would decrease their effective bandwidth by a factor of 1/ .N   We analyze 

an example in which the quantum Zeno effect can be used to lock the relative phase of a 

pair of atoms, after which the elapsed time can be determined.  Practical applications may 

require 1N    in order to achieve a good signal-to-noise ratio. 

 

Introduction 
 

Atomic clocks have a number of important applications1-5, and there has been considerable progress 

in developing new techniques to improve their performance6-9.  The precision of atomic clocks depends in 

part on the absorption bandwidth of the relevant atomic transition10.  Here we consider an ensemble of N  

atoms whose transition frequencies have been independently perturbed by a small amount due to coupling 

to the environment or other factors, such as the effective bandwidth due to finite lifetimes.  We investigate 

the possibility of using the quantum Zeno effect to lock the relative phases of the atoms, which would 

decrease their effective bandwidth by a factor of 1/ .N   An example is analyzed in which the quantum 

Zeno effect can be used to lock the relative phase of a pair of atoms, after which the elapsed time can be 

determined.  Practical applications may require 1N   in order to achieve a good signal-to-noise ratio. 

In the quantum Zeno effect11-13, frequent measurements can inhibit transitions into unwanted states 

and force the system to evolve in the desired subspace of Hilbert space.  The Zeno effect has been 

experimentally demonstrated using  9Be+ ground-state hyperfine levels14, Bose-Einstein condensates15, ion 

traps16, nuclear magnetic resonance17, cold atoms18, cavity QED19, and large atomic systems13.  It has also 

been shown that the Zeno effect is a sufficient resource for the implementation of quantum logic gates20,21, 

which could be used as the basis of a quantum computer21 or quantum repeaters22. The Zeno effect can also 

be used to prepare various nonclassical or entangled states23-27 and to protect entanglement once it has been 

generated28,29. The anti-Zeno effect, by which repeated measurements increase the rate of transitions, may 

be useful in quantum heat engines30.  

Earlier approaches have used entangled states to synchronize distant clocks31,32.  Our approach is 

also based on the use of simple entangled states (dark states)33, but here the goal is to improve the stability 
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of a single clock rather than synchronize two or more distant clocks.  A Zeno-like-effect has recently been 

shown to mitigate phase diffusion in self-sustaining quantum systems34-36, which is somewhat related to our 

technique for inhibiting relative phase drift in atomic clocks. It has also been shown that an atomic clock 

can be implemented using the entropy reduction produced by weak coupling to the environment and 

continuous measurements37. 

This paper begins with a discussion of the potential reduction in the bandwidth of an ensemble of 

atoms using the quantum Zeno effect and the increased precision of an atomic clock that could be achieved 

in that way.  A technique for using the quantum Zeno effect to lock the relative phase of a pair of two-level 

atoms is then described.  The advantages of using three-level or four-level atoms is then discussed, including 

the ability to directly read out the phase of the atoms after some period of time.  The need to extend these 

methods to larger numbers of atoms is considered.   

 

Benefit of atomic phase locking 
 

Atomic clocks are typically operated by locking the frequency of an external microwave oscillator 

to the resonant frequency associated with an atomic transition between two nuclear hyperfine states38.  Once 

locked in this way, the external oscillator provides the readout of the clock.  The precision of such a clock 

depends on the bandwidth of the atoms and the measurement interval as described by the Allan 

deviation10,39, which is given by 

 ( ) .c
y

f T

f N
 




  (1) 

Here ( )y   is the standard deviation of the fractional frequency offset ( )y t  in the output, which is defined 

by  

 0

0
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cT  is the clock cycle time,   the total averaging time, and N  is the number of independent atoms.   

Equation (1) is valid when the statistical noise is much larger than any systematic error.   It is based 

on the assumption that the th
k  atom in the ensemble has a frequency kf  chosen at random from a normal 

distribution about a central frequency 0 ,f  with a full width at half maximum (FWHM) of .f  This 

corresponds to a standard deviation of 2 2ln 2.f    The N  term in the denominator of equation (1) 

corresponds to the fact that the signal-to-noise ratio increases for larger numbers of atoms, since the 

absorption signal is larger in that case.  Equation (1) clearly shows the advantage of reducing the atomic 

bandwidth .f  

 Locking an external oscillator to the atomic transitions is roughly equivalent to measuring the 

spectrum of the atomic transitions and performing a least-square fit to determine the central frequency 0 ,f  

as illustrated in Figure 1a.  For a fixed number of atoms, the peak in the spectrum will be inversely 

proportional to the bandwidth ,f  as illustrated in Figure 1b, since the total rate of transitions is fixed.  The 

goal of our approach is to use the quantum Zeno effect to lock the relative phases of all of the atoms, despite 

the differences between the various values of .kf   
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After phase locking, the central peak in Figure 1b will correspond to the average f  of all of the 

frequencies of the individual atoms, as given by  

 
1

1
.

N

k

k

f f
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    (3) 

This results in a standard deviation   for f  that is reduced by a factor of 1/ ,N  as is the FWHM ,f  

when measured over an ensemble of similarly-prepared systems.  The Allan deviation of equation (1) is 

reduced by the corresponding amount.  It should be noted that reducing the bandwidth is in addition to the 

factor of 1/ N  that already appears in equation (1), which corresponds to the improved signal-to-noise 

ratio due to the increased transition rate from N  atoms. 

 

 

 
Figure 1. Reduced bandwidth after phase locking. a, Initial probability distribution ( )P f  of the frequencies

kf  of N  atoms in an atomic clock.  b,  If the frequencies of all of the atoms are locked to their average frequency f  

using the quantum Zeno effect, the width of the probability distribution will be reduced by a factor of 1/ N  and the 

height of the peak will be increased accordingly.  In this example 9.N   

 

 The output of an atomic clock could also be read out by directly measuring the average change in 

phase of the atoms after they have evolved over a time interval of .t  The fact that the atoms have slightly 

different frequencies will cause a measurement of the average phase to wash out over a period of time.  In 

order to see this, consider a situation in which all of the atoms start out at time 0t   with the same phase.  

At a subsequent time ,t  the phases of all of the atoms will have evolved independently based on their 

frequencies kf  as chosen from a normal distribution given by 
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  A measurement of the average cosine of the phases will then have the value 
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The expectation value of this signal measured over a large number of similarly-prepared samples is given 

by 
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The exponential factor in equation (7) means that a measurement of the average phase will wash out after 

a relatively short amount of time, as indicated in Figure 2a. 

 

 

 

Figure 2.  Average phase of an ensemble of atoms. The expectation value of the average of the cosine of the 

phases of an ensemble of atoms is plotted as a function of the time t.  a, The average cosine of the phase for an 

ensemble of independent atoms. b, The cosine of the phase averaged over an ensemble where the phases of the atoms 

have all been locked to their average phase f  using the quantum Zeno effect.  For simplicity, the results plotted 

correspond to 0 10%f f   and a central frequency of 0 100 .f Hz   It can be seen that the average phase decoheres 

very rapidly for independent atoms, while locking the phase using the quantum Zeno effect can greatly extend the 

time interval over which the average phase is coherent and could be measured.  

 

  On the other hand, suppose that all of the atoms have been locked onto their average frequency f  

given by equation (3) as a result of the Zeno effect or some other mechanism.  f  is once again a random 

variable, but with a reduced standard deviation of .N   Now the cosine of the average phase is simply  

  .cos cos 2 ,meas f t   (8) 

which has an expectation value of 
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In this case the average phase remains coherent over a much longer time interval, as illustrated in Figure 

2b.  These plots correspond to an arbitrary choice of 100N   atoms with 0 10%.f f     

 Figure 2 provides another way to understand the potential benefits of locking the phases of the 

atoms in an atomic clock.  The rest of our analysis will be based on determining the elapsed time by 

measuring the change in phase using the radiation emitted by the atoms, as will be described below. 

 

Two-Level Atoms 
 

In this section, we will show that the quantum Zeno effect can be used to lock the relative phase of a pair 

of two-level atoms.  It will be assumed that the two-level atoms interact weakly with a single mode of an 
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optical cavity and that their average frequency f  is on resonance with the cavity mode, as illustrated in 

Figure 3.  The atoms are initially prepared in a subradiant state |   given by  

 ,|
| |

0
2 field

EG GE  
    (10) 

where the state EG  corresponds to one atom in its excited state and the other atom in its ground state, 

with a similar notation for the other states of the atoms.  The state 0
field

 represents the vacuum state of 

the cavity.   

 

 
 

Figure 3. A pair of two-level atoms in a cavity. a, A pair of two-level atoms interact weakly with a single mode 

of an optical cavity.  The quantum Zeno effect can be implemented by periodically introducing n  photons into the 

cavity and then measuring the number of photons present after a time interval of .m   Alternatively, the atoms could 

be passed through a cavity containing n  photons. b, Typical energy level diagrams for the two atoms. 

 

The Hamiltonian for this system in the rotating wave approximation can be written40 as 
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Here   is the angular frequency of the cavity mode while A  and B  are the transition frequencies of the 

two atoms A and B, which are unequal due to an interaction with the environment.  ( )A B  are the interaction 

strengths between the atoms and the photons, and ( )
( )ˆ

A B   are the atomic raising and lowering operators. In 

the subsequent analyses, we will assume that the interaction strengths of the two atoms are identical.  A 

pair of atoms in a subradiant state of this kind cannot emit a photon into the cavity mode due to destructive 

interference between the two probability amplitudes33,41. 

We will now consider the evolution of the initial state of equation (10) over a time interval   that 

is sufficiently short that the effects of the interaction with the cavity modes can be neglected  ( ) 0 .A B    

If the atoms both had the same transition frequency, then the phases of their excited states would evolve at 
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the same rate and the form of the subradiant state would be maintained indefinitely (the minus sign would 

always hold).  Suppose instead that the frequencies of the two atoms are given by A       and 

.B        Here   is a common deviation from the resonant frequency of the cavity while 2  

corresponds to a frequency difference between the two atoms due to environmental effects.  To first order 

in ,  the final state of the system is given by 

 )' [1 ] 0 .(
2 2 field

EG GE EG GE
i i    

          
 





 

 (12) 

The second term in this equation corresponds to a superradiant state where the rate of photon emission is 

enhanced by quantum interference effects instead of decreased.  It can be seen that any difference in 

transition frequencies will cause the atoms to gradually develop a superradiant component.  The overall 

phase shift of ( )i      has no physical effects and can be ignored. 

 The basic idea of our approach is to make frequent measurements to determine whether or not the 

system has evolved into the superradiant state.  If it has not, then the system will collapse back into a pure 

subradiant state with the original relative phase of 180o as in equation (10).  If these measurements are 

made frequently enough (or continuously), the transition into the superradiant state will be inhibited by 

the Zeno effect and the relative phase of the two atoms will remain unchanged, with both atoms evolving 

at the average angular frequency 2 .f   

The measurements required for the quantum Zeno effect could be made in several ways.  Here we 

will consider an approach in which the coupling of the atoms to the cavity mode is sufficiently weak that 

any interaction with the vacuum state (the vacuum Rabi effect) can be neglected.  A large interaction with 

the field can then be produced by temporarily introducing a large number n  of photons into the cavity, so 

that 0 .
field field

n  Alternatively, the atoms could be passed through a small aperture in a cavity that 

already contains n  photons42,43.  Either way, the coupling to the cavity field can be turned on or off as 

desired.  

 

 
 

Figure 4. Relevant time scales in the measurement process.   denotes the time interval between the 

measurements, during which the system will have evolved a small probability amplitude to be in the superradiant 

state.  A strong interaction between the atoms and n  photons in the cavity is applied during the measurement time 

,
m

  which is chosen to be half a Rabi flop for the superradiant state in equation (12).  f
t  is the final time at which the 

output of the clock is read out.  We consider the limit of ,m ft    where the quantum Zeno effect would be 

expected to inhibit the growth of the superradiant state and lock the relative phases of the atoms.  

 

The interaction with the field initially containing n  photons is maintained for a measurement time 

m  as illustrated in Figure 4.  m  is chosen in such a way that the superradiant term in equation (13) will 

undergo half a Rabi flop, causing it to absorb or emit one photon40.  The subradiant term is unaffected by 

the presence of the photons in the cavity.  The initial number of photons n  is chosen to be sufficiently large 
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that m  is much shorter than the time required for a significant superradiant amplitude to evolve. This 

process is repeated until the final time ft  when the output of the clock is read out, as described below.  As 

illustrated in Figure 4, we assume a measurement sequence in which .m ft      

In that limit, we would expect the quantum Zeno effect to inhibit the growth of the superradiant 

state.  Integrating Schrodinger’s equation over a time interval of m  using the initial state of equation (12) 

gives a final state of the form 
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n n GG n n
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EE n



 

 

 




 

  
    

 
           

   


 (13) 

The second term with the cosine dependence will vanish for half a Rabi flop, while the third term with the 

sine dependence will reach a maximum.  For simplicity, the overall phase factor from equation (12) has 

been omitted. 

It can be seen that the net effect of this measurement process is to change the number of photons 

by 1  if the atoms were in the superradiant state.  In principle, the number of atoms could be measured at 

the end of the time interval m  in order to determine whether or not the superradiant state was present.  As 

a practical matter, no actual measurements are required in the quantum Zeno effect, since the entanglement 

with the state of the field is sufficient to inhibit the growth of the superradiant state. 

 

 
 

Figure 5.  Plot of the probability SP  that the phase of a pair of two-level atoms will remain locked as 

a function of time.  The solid line corresponds to relatively frequent measurements with ( ) 0.001m   , while 

the dotted line corresponds to less frequent measurements with ( ) 0.05.m     It can be seen that the quantum Zeno 

effect can lock the relative phase of a pair of two-level atoms in the limit of frequent measurements.   

   

The probability EP  that the system will be found to be in an error state corresponding to one of the 

last two terms in equation (13) is given by 

 2 2.EP    (14) 
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The probability S
P  of success that the system will remain in the subradiant state at the final time ft  is then 

given by 

   /( ) 21 exp[ ( ) ].f mt

S E m fP P t
         (15) 

SP  is plotted as a function of time in Figure 5 for two different values of .  With frequent 

measurements corresponding to ( ) 0.001,m    it can be seen that the Zeno effect is very effective in 

keeping the pair of atoms in the subradiant state with their phases locked to their mean phase.  Less frequent 

measurements corresponding to ( ) 0.05m    are less successful in locking the phase.  These results 

correspond to an arbitrarily chosen value of 2.   

 

Three-Level and Four-Level Atoms 
 

In the previous section, we showed that the quantum Zeno effect could be used to lock the relative phase 

of a pair of two-level atoms.  In the limit of frequent measurements, the final state is identical to the initial 

state aside from an overall phase factor that cannot be measured. As a result, there is no way to read the 

output of the clock by measuring a time-dependent phase factor.  In order to solve this problem, we need a 

reference state of some kind so that a measurement of the relative phase can be used to estimate the elapsed 

time as indicated by the clock.   

With this in mind, we consider two three-level atoms in a V-configuration as shown in Figure 6.  

The atoms are assumed to be in an initial state given by 

    1 1 2 2 / 2.G GE GE E GE        (16) 

Here 1E  and 2E  are excited states of the atoms with energies 1 2 .E E  This state corresponds to a 

superposition of two subradiant states, and the basic idea is to lock the relative phase of each of the 

individual terms using the Zeno effect, after which the relative phase between the first and second terms 

can be used as a readout of the elapsed time.  

 

 

 
 

Figure 6. A pair of three-level atoms in a V-configuration. A pair of three-level atoms are in a state that 

corresponds to a superposition of two separate subradiant states, as described in equation (16).  This allows the 

elapsed time to be measured by determining the relative phase of states 1E  and 2 .E  

 

 

The Hamiltonian for this system is given by  
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Here 1  and 2 ,  refer to two cavity modes that are in resonance with the atomic transitions 1E G  

and 2 ,E G  respectively.  If the energies of the two atoms are slightly different due to environmental 

effects, the subradiant states in equation (16) will gradually evolve into superradiant components as in the 

previous section.  The Zeno effect can be used to inhibit the superradiant components as before, where n  

photons are now introduced into both modes of the cavity.   

Unfortunately, it is possible to absorb a photon from the field in a transition such as 

1 11 2 1 22 1E G n n E E n n   or 
21 2 11 2 1

1GE n n E E n n   even in the subradiant states of 

Figure 6.  This difficulty occurs because both of the excited energy levels interact with a common lower 

level (the ground state). This problem can be avoided using a pair of four-level atoms as illustrated in Figure 

7, where the excited states 1E  and 2E  interact with two separate lower-energy states 1G  and 2 .G  

These could correspond to two different hyperfine levels of the atomic ground state, for example.  The 

cross-couplings between 1E  and 2G  are assumed to be negligibly small, as is the coupling between  2E  

and 1 .G   

 

 

 

Figure 7. A four-level atomic system used to avoid transitions from the ground state. Atomic states

1E  and  1G  are coupled by allowed transitions, as are levels 2E  and 2 ,G with negligible coupling between the 

other states.  The quantum Zeno effect is used to lock the relative phase of each pair of states, after which the relative 

phase between 1E  and 2E  can be used to read out the elapsed time from the clock. 

 

The four-level system is prepared in an initial state given by 

    1 1 1 1 2 2 2 2 1 2

1
0 0 ,

2
G GE G E E G E        (18) 

with a Hamiltonian given by 



10 

 

 

   1 1 2 2

1 1 1 2 2 2 1 1 1 2 2 2

1 1 1 2 2 2 1 1 1 2 2 2

( ) ( ) ( ) ( ) ( ) ( )† † †
1 2 11 1 1 2 2 2 1 1 1

ˆ

2

ˆ ˆ1

ˆ
2

ˆ
2

/ 2 1/ 2

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

E A E A G A G AA A A A

E B E B G B G BB B B B

A A A A B B

E E E E G G

H n n

a a a a

G G

E E E E G G G G

a a

 

   

   

          

 





 


 

  

  

     


   

h h

h h h h

h h h h

h h h ( ) ( ) †
22 2 2ˆ ˆ ˆ ˆ .

2
B Ba a  

    h

 (19) 

Quantum Zeno measurements can be implemented as before by introducing n  photons in each of the two 

cavity modes that are resonant on the transitions in Figure 7. The photons interact with the atoms for a short 

time interval ,m   after which the number of photons in each mode could be measured.  (Once again, 

no actual measurements are required for the Zeno effect.)   

The probability 
E

P  that the four-level system will be found to be in an error state corresponding to 

one of the superradiant states after a time interval of   can be shown to be 

 
2 2

21 2 .
2

EP 
   

   
 

 (20) 

Here     2,kA kA k kk B BE G E G       which corresponds to the difference in the transition energies of the 

two atoms.  The probability S
P  that the system will remain in the subradiant state at the final time ft  is 

then given by 

  
2 2

/( ) 1 21 exp ( ) .
2

f mt

S E m fP P t
       

          
 (21) 

It can be seen that the Zeno effect can inhibit the growth of the superradiant states and maintain a 

fixed relative phase within each of the states kE  and kG  as before. The probability of success drops off 

at the same rates as shown in Figure 5 if we choose 1  and 2  equal to the parameter   in equation (15).  

Once again, the probability of success can be made arbitrarily high by reducing the value of .  

 

Clock Readout 
 

In our approach, the elapsed time can be read out by measuring the relative phase of the two terms in 

parentheses in equation (18) at the final time.  For large values of ,ft  multiple oscillations may have 

occurred, but the output can be used to give a small correction to an external oscillator, for example.   

As shown in the previous section, the quantum Zeno effect can be used to eliminate the growth of 

the superradiant state.  In that case, the initial state of equation (18) evolves into  

    1 1 1 1 2 2 2 2

1

2
cl c fo k ti

E G e GG E E G E
        (22) 

at the final time .ft  Here  1 1 2 2 / ,clock G GE E     h  which reflects the phase precession due to the 

difference in the energy levels.  kE  and kG  are the values of kE  and kG   averaged over the two atoms.    

 There are several ways to measure the relative phase of these two states.  We will consider an 

approach in which equation (22) is first converted to a superposition of superradiant states, after which the 

phase of the electromagnetic field emitted by the atoms can be measured.  The atoms can be put into a 
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superradiant state by focusing a laser beam on atom B that is slightly off-resonance from the transition 

between states 1E  and 1 .G   The strength of the interaction can be adjusted to produce a minus sign on 

state 1E  for atom B only.  A similar procedure can be used to produce a minus sign for state 2E of atom 

B.  This converts equation (22) into 

    1 1 1 1 2 2 2 2

1
' .

2
cl k foc ti

E G e E GG E G E
        (23) 

Now the atoms are in a superposition of superradiant states where the rate of photon emission is enhanced 

by quantum interference effects instead of being suppressed.  

The next step in the readout process is to mix the amplitudes of the two lower ground levels 1G  

and 2 ,G  which will allow quantum interference in the photon emission process.  This can be done using a 

strong laser beam that is slightly off-resonance from the transition between states 1G  and 2 .G  (If there is 

no allowed matrix element between these two states, two laser beams and an intermediate state could be 

used instead.)  The strength of the coupling is chosen to give a unitary transition of the form 

    21 1 2 2 1,2 2 .G GG G GG     (24) 

Inserting this into equation (23) gives 

 
   

    
1 1 2 1 2 1

2 1 2 1 2 2 2 .2cloc fki t

E G G G G

e E G G EG G

E



      

     
 (25) 

We now post-select on the case where the atoms are not in the state 2 ,G  which could be 

accomplished by observing the photons emitted in a laser-induced transition to a higher-energy level, as is 

done in ion-trap quantum computing, for example44-46. This reduces equation (25) to 

 

    1 1 1 1 2 1 1 2' 2.cloc fki t
E G GEG e E G E

        (26) 

 
 

Figure 8. Measurement of the relative phase of two atomic states.  The excited atomic states 1E  and 

2E in equation (26) can be coupled using a strong laser (red arrow) that is detuned from the transition between 2E  

and 1 .G  Photons (blue wavy line) can then be emitted in a virtual transition from state 1E  to 2 .E  The phase of the 

emitted field is shown in Figure 9.   

 

The final step in the readout process is to apply a strong laser beam that is slightly off-resonance 

from the transition between 2E  and 1 ,G  as illustrated in Figure 8.  Although the interaction between 
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these two states and the cavity modes was assumed to be negligible, a sufficiently intense laser beam can 

produce the desired coupling.  This allows a virtual transition in which the atoms can emit a photon with a 

frequency of 'clock     while making a transition from 2E  to 1E 47-49, as shown in Figure 8.  Here '  is 

the detuning of the coupling laser from the ground state. 

 

 
 

Figure 9. Mean electric field emitted during the readout of an atomic clock. The expectation value 
†ˆ ˆa a of the electric field emitted by the atoms in the state of equation (26) is plotted as a function of the time .rt  

Here 0rt   corresponds to the time at which the coupling laser shown in Figure 8 is turned on. The dashed (red) curve 

corresponds to a relative phase of  0,clock ft   while the solid (blue) curve corresponds to .clock ft    These results 

correspond to an arbitrary choice of parameters with an interaction strength of 2,   angular frequencies of 

1 2
0,G G  

1

2,1.2 10E  
2

2,1.1 10E    a detuning of 0' 1 ,   and a coupling laser amplitude of 1.A   

Dimensionless units have been used for convenience. 

 

The expectation value of the electric field emitted by the atoms in this way is shown in Figure 9 as 

a function of time, as calculated using first-order perturbation theory.  The initial phase of the field is equal 

to ,clock ft  which could be directly measured using a homodyne detector, for example.  A fit to this data 

could be used to determine the elapsed time ft  as indicated by the clock. 

 The accuracy of an atomic clock implemented in this way depends on the uncertainty in clock  due 

to interactions with the environment or other perturbations.  The advantage of using the quantum Zeno 

effect is that locking the phases of the atomic states causes them to evolve at their average frequencies 

determined by kE  and ,kG  which reduces the uncertainty in the clock frequency by a factor of 1 / 2.   

Practical applications may require that larger numbers of atoms be phase locked in this way in order to 

achieve an enhancement of 1/ .N   

 

Discussion and Conclusions 
 

In this paper, we have considered the possibility of using the quantum Zeno effect to lock the relative phases 

of an ensemble of N  atoms that could be used to implement an atomic clock.   This would reduce the 

effective bandwidth of the ensemble by a factor of 1/ N  and improve the accuracy of an atomic clock by 

a corresponding amount. 
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 We began by considering a pair of two-level atoms and showed that the Zeno effect can lock their 

phases in the limit of frequent measurements.  This approach was based on the fact that an initial subradiant 

state with a small relative phase difference will slowly evolve into a superradiant state with a different 

relative phase. Frequent observations to determine whether or not the superradiant state has emitted any 

photons will inhibit the growth of the superradiant state, leaving the atoms in the original subradiant state 

with a well-defined relative phase.  This has the effect of averaging any environmentally-induced phase 

shifts over the ensemble of atoms. 

 It was found that using a pair of two-level atoms does not allow a readout of the elapsed time, since 

there is only an unobservable overall phase in that case.  Three-level atoms allow a readout of the elapsed 

time, but they are susceptible to an error source in which a photon can be absorbed by an atom in the ground 

state.  Both of these difficulties can be resolved by using a pair of four-level atoms, where the elapsed time 

can be estimated by measuring the relative phase of two different excited states, as illustrated in Figures 8 

and 9.   

 These results show a potential enhancement by a factor of 2  in the precision of an atomic clock.  

Practical applications may require 2N   in order to obtain a good signal-to-noise ratio, and we have not 

been able to generalize this approach to larger values of .N  In addition, the generation of the required initial 

state would be difficult for 2,N   Fock states are required as a resource, and the measurement process is 

relatively complicated even for 2.N   As a result, further research would be required to find a more 

practical approach.  Nevertheless, these results provide an interesting example of the potential use of the 

quantum Zeno effect. 

 

Data availability 
 

The Mathematica code used to generate the supporting data is available on request from the corresponding 

author, S.S. 
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