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meaning the vessel also has Rb solid/liquid as a reserve. Heaters raise the temperature beyond 39C (the 
melting point) so some of the Rb exists in the gaseous state.  The filtered light serves two purposes. 
First, it acts as a ‘pump’ to excite electrons in the 87Rb 
from a lower level to the slightly higher energy level; 
these electrons form a population inversion in the 
sense that the higher energy level contains more 
electrons than the lower one. The actual process 
involves at least a third energy level as will be 
discussed in a subsequent topic. And second, the light 
provides a type of indicator or monitor for the 
microwave signal since, once the 87Rb hyperfine 
electron transitions produce the microwave signal, 
the light level reaching the photodetector will 
decrease when the electrons (that transition to the 
lower level) re-absorb the light to repopulate the 
upper level. Again, this requires a third energy level. A 
signal derived from the resulting decrease in photodetector-current (on the order of 0.1% to 1%) servos 
the Voltage Controlled Crystal Oscillator (VCXO) – the signal derived from the photodetector output will 
be smallest when the received light level is the lowest as discussed in Section 2.2 below. 
 
 The question arises as to the method of inducing the hyperfine transition and its relation to a 
signal from the VCXO.  The hyperfine transition is stimulated by introducing an RF signal into 87Rb cell 
with a frequency that exactly matches the hyperfine transition frequency of 6.834+GHz. The more the 
RF signal mismatches the 87Rb hyperfine resonant frequency, the lower will be the stimulated emission 
from the 87Rb and the larger will be the amplitude of the servo signal from the photodetector (Section 
2.2). As just mentioned, the stimulated microwave signal itself does not provide the monitor signal 
although with modern sensors it might be possible to directly sense the strength of the 6.834+GHz 
signal. A feedback signal is derived from the photocurrent output using a lock-in amplifier technique as 
discussed later.  The photodetector output servos the voltage that controls a VCXO which has a nominal 
frequency of approximately 50.255MHz. The VCXO output frequency is multiplied by a factor of 136 and 
applied to the 87Rb cell using a step-recovery diode. So now the voltage to the VCXO can be scanned and 
the photodetector will produce the smallest signal amplitude when the multiplied VCXO frequency 
matches the 87Rb resonant frequency. Once the servo stabilizes, the RFS indicates the ‘lock’ condition.  
The VCXO signal, as the signal-of-interest, (i) feeds the AD9830A Direct Digital Synthesizer DDS IC (from 
Analog Devices) as a reference so that the DDS can then synthesize sinewaves with highly accurate 
frequencies theoretically from approximately DC to 25MHz, and (ii) when divided by 6, provides a clock 
with frequency 8.376MHz for a Microchip microcontroller.  Note that the 8.3876MHz clock is not the 
same as the typical default frequency from the DDS chip of 8.388608MHz. 
 
 Continuing the overview of the RFS, consider again Figure 2.2. Ovens heat the lamp, filter and 
the 87Rb in the glass/quartz cell to ensure the components contain sufficient Rb gas molecules 
(temperature generally over 39C) – the FE5650A initially draws a total current of 1.8 Amps but that 
drops to approximately 0.6 Amps after the heater stabilizes. As mentioned, the lamp serves the dual 
purpose of pumping the 87Rb gas in the cell to establish a population inversion and also to provide a 
monitor signal to servo the Voltage Controlled Crystal Oscillator (VXCO) through the photodetector. A 
synthesizer/multiplier increases by a factor of 136 the VCXO frequency of 50.0255+ MHz which then 
matches and thereby stimulates the hyperfine transition frequency used to stabilize the VCXO. The 
resonant cavity, albeit low-Q, strengthens the stimulation of the hyperfine transitions in the 87Rb gas.  

Figure 2.2: Block diagram for an RFS similar to the 
FE5650A / FE5680. 
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Topic 2.2.2: Spin, Magnetic Fields and Energy Levels 
 
  For systems involving electron motion (such as spin and orbital motion), the electron produces a 
magnetic field. As described next, the energy levels depend not only on the orbit of the electron but also 
on any external magnetic field B.   
 
 Energy levels associated with magnetic fields can be 
seen to arise by reference to the left side of Figure 2.8.  
Assume for simplicity the bar magnet pivots around its 
center. As is well known, north poles repel each other as do 
south poles. Consequently, an external agent (i.e., person) 
needs to do work (i.e., add energy) on the bar magnet to 
swivel it around so that the two north poles are adjacent and 
the two south poles are adjacent (as shown). In other words, 
energy must be added to bring the two magnetic fields B and 
B1 antiparallel to each other.  Therefore, for the situation 
shown on the left side, the bar magnet is in a HIGHER energy 
state than when it is swiveled around by roughly 180 
degrees.  Further, it should be obvious that the larger the 
field B then the greater will be the energy required to make 
the magnetic fields antiparallel – the magnetic field B shifts 
the energy levels. Without the magnetic field B, the energy 
of the bar magnet would be independent of its angular 
position. For the situation in Figure 2.8a, the energy of the bar magnet can be written as  
 

𝐸 = 𝑎 − 𝑏𝐵 𝐶𝑜𝑠(𝜃)     (2.9) 
 
where B is the magnetic field external to the bar magnet, ‘a’ is an offset energy, ‘b’ is a related to B1, 
and θ is the angle between B and B1. For the bar magnet, the offset can be set to zero when other 
sources of energy are ignored so the energy of the bar varies between –bB and +bB as the angle θ varies 
between 0 and 180o.   
 
 Figure 2.8b shows a classical view of a spinning electron (i.e., the electron continuously spins to 

produce spin angular momentum 𝑆). This view is meant to help with visualizing the situation and does 
not conform to quantum mechanics beyond showing a relation between spin and the electron’s 

magnetic field related to that spin [2.9]. The direction of the spin 𝑆 defines the axis of electron rotation 
(and its length, in this cartoon view, might be intuited as the rotation speed in combination with the 
mass distribution). Because the electron has charge and because the spin puts the charge in motion, the 
electron produces a magnetic field B1.  Note that the symbol ‘S’ in the figure was originally meant to 
represent the Spin Angular momentum and not the south pole but a happy coincidence occurs for the 
electron in that the spin and south pole can be drawn at the same location and pointing in the same 
direction. As with the bar magnet, when B1 parallels B, the electron occupies the lower energy state.  
 
 If the electron is part of an atom, then the orbital energy (such as in Equation 2.5) needs to be 
added to the energy due to the magnetic field orientation which is usually stated in terms of spin up and 
down.  For example, the ‘a’ in Equation 2.9 would then be related to the energy in Equation 2.5.  In 
quantum mechanics, the electron spin has only two energy states ‘up’ and ‘down’ but the electron spin 

Figure 2.8: (a) Energy must be added to rotate 
the bar magnet so that B1 is antiparallel to B. 
(b) Cartoon showing electron spin produces a 
magnetic field B1 similar to that for the bar 
magnet but the spin axis precesses. (c) Four 
methods of showing the energy states.  
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