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Abstract—Trapped ion clocks derive information from a 
reference atomic transition by repetitive interrogations of 
the same quantum system, either a single ion or ionized 
gas of many millions of ions. Atomic beam frequency 
standards, by contrast, measure reference atomic 
transitions in a continuously replenished “flow through” 
configuration where initial ensemble atomic coherence is 
zero. We will describe some issues and problems that can 
arise when atomic state selection and preparation of the 
quantum atomic system is not completed, that is, optical 
pumping has not fully relaxed the coherence and also not 
fully transferred atoms to the initial state. We present a 
simple two-level density matrix analysis showing how 
frequency shifts during the state-selection process can 
cause frequency shifts of the measured clock transition. 
Such considerations are very important when a low 
intensity lamp light source is used for state selection, 
where there is relatively weak relaxation and re-pumping 
of ions to an initial state and much weaker 
‘environmental’ relaxation of the atomic coherence set-up 
in the atomic sample.   

We shall use the density matrix formalism to investigate 
this problem since it explicitly describes quantum coherence 
between the two states of a clock transition.  An ensemble of 
trapped ions where repeated interrogations are carried out on 
the same atomic system is shown in Figure 1. The process 
nominally employs a Rabi microwave pulse [1,2] followed 
by a optical pumping period where de-tunings from the 
atomic resonance frequency are determined via fluorescence 
measurements.  In trapped mercury microwave standards, 
where discharge light sources are used for optical pumping or 
state selection, atomic coherence in the atomic ensemble can 
be quite long, usually several measurement cycles if no 
deliberate relaxation of the ensemble coherence is carried 
out. The light source must restore a population imbalance 
between the 2 clock levels and also destroy atomic coherence 
set up in the ion ensemble by the microwave pulse.  If the 
coherence persists through the optical pumping process then 
the atomic line shape is distorted and the center frequency is 
pulled by the resulting ‘Ramsey effect’ of adjacent Rabi 
pulses. The Ramsey interrogation [1,2] is a double 
microwave pulse where each pulse is one half the amplitude-
duration product as compared to a Rabi microwave pulse.  
The Ramsey interrogation is sensitive to atomic frequency 
during the dark period between pulses and this can lead to 

light shift of the state selection process when the atomic 
coherence persists between the nominally independent Rabi 
pulses shown in Fig. 1. 
 

 
 
Figure 1. The repetitive interrogation of the ensemble of trapped ions 
alternates between a microwave pulse and optical pumping state-selection 
pulse. The weak relaxation of the atomic coherence can lead to a shift of the 
measured clock reference frequency through frequency pulling during the 
state selection process. 
 

The density matrix formalism is described in references 3 
and 4, but we start with the original probability amplitude 
notation of Ramsey [1,2].  In matrix notation, the amplitudes 
evolve from t0 to t as follows: 

 

(1) 
 

 

We form a density matrix evolution [3,4] from the above 
amplitude evolution equation: 
 

       

 

(2) 

We begin with an initial condition on the density matrix,                           
 

(3) 
 

 

that is, all the population is in one state and the coherence is 
between states is zero.  Following a single microwave pulse 
of duration t,  
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