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Quantum jumps via spontaneous Raman scattering

Randall G. Hulet and D. J. Wineland
Time and Frequency Division, National Bureau of Standards, Boulder, Colorado 80303

(Received 27 April 1987)

A single laser, which is used to induce and detect spontaneous Raman transitions, can be used
to observe quantum jumps in a single atom. The population dynamics of a particular system, con-
sisting of two S~/2 ground-state levels and four P3/2 excited-state levels split by a magnetic field,
is analyzed for a laser tuned near a particular transition. We find that the statistics of the fluores-
cence emitted by this system are described by the same formalism developed for the three-level V

configuration irradiated by two light sources. Over a wide range of observation times, the fluores-
cence intensity will be two valued, either off or on, as has been verified for the V configuration.
Some surprising and elegant features of this new system are described.

The fluorescence emitted from a single atom can ex-
hibit phenomena which are unobservable in a collection
of many atomic emitters. For example, the Auorescence
emitted by a driven two-level system reveals a quantum
phenomenon known as "photon antibunching. "' Anti-
bunching is demonstrated by measuring the time correla-
tion between fluorescence photons emitted by a single
atom. It is found that the probability of detecting a
photon instantaneously after detecting the previous one
is zero, that is, they are antibunched. This is a purely
quantum efI'ect with no classical analog.

A three-level manifestation of quantum photon emis-
sion was first analyzed by Cook and Kimble and is
based on Dehmelt's "electron shelving" scheme. Figure
1 shows a three-level system in the V configuration. The
ground state (0) is strongly coupled to an excited state
(l) which has a spontaneous decay rate A &, and is weak-
ly coupled to another excited state (2) which decays at a
rate 32 ( A») A z ). Two radiation sources separately
drive the 0~1 and 0~2 transitions while only the
fluorescence from level 1 is monitored. On a time scale
which is long compared to 3

&
', but less than or on the

order of A2 ', the fIuorescence is expected to display
periods of constant intensity interrupted by periods of
zero intensity while the atomic electron is "shelved" in

FIG. 1. The V configuration of energy levels. Two excited
states are coupled to the ground state with two different lasers.
The spontaneous decay rate of level i is denoted by A;.
denotes the Rabi frequency of the O~i transition. It is as-

sumed that A|»Az. Quantum jumps in the intensity of the
fluorescence emitted from level 1 have been observed under
these conditions (Refs. 13—16).
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level 2. The on-off switching of the fluorescence indi-
cates a discontinuous jump, or "quantum jump, " be-
tween leve1 2 and the strongly fIuorescing system consist-
ing of level 0 and level 1. ' ' Recently, three groups
reported the observation of this phenomenon in a single
confined ion' ' and a fourth group is able to infer the
erat'ect from the time correlation of fluorescence from a
weak atomic beam. '

Kimble et al. have shown that the excitation of the
weak transition (0~2) is a rate process for the V level
configuration. " The population dynamics of the three
levels can be reduced to those of an efI'ective two-level
system for times which are long compared to A

&

'. R+
is defined as the rate of excitation out of the strongly

fluorescing level-0 —level-1 system and into level 2, while
R is the rate back out of level 2. The rate equation
analysis yields the mean fluorescence on-time ( T,„),
off-time (T,tt), and the statistical distribution of the
Auorescence as a function of the two Rabi frequencies,
spontaneous decay rates, and laser detunings.

In this paper we analyze the population dynamics of a
single atom in a magnetic field, when a single laser is
tuned near one of the principal transition resonances.
We assume that the ground state has a 5&/z

configuration and the excited state is P3/2. Additional-
ly, the efFects of hyperfine structure are assumed to be
negligible. This configuration is realized by some singly
ionized alkaline-earth atoms, Mg+ or Mg+, for ex-
ample. We find that for the time scale of interest, the
evolution of the six S&/2 and P3/2 levels is also de-
scribed by a two-level rate equation and therefore, obeys
the same statistical functions derived for the three-level
V configuration. Thus this system should also exhibit
quantum switching. We find that the rates R+ and R
for this level configuration, in contrast to the V
configuration, are quite simple and, as we will show, pos-
sess a surprising and elegant feature. '

Figure 2 schematically shows the Zeeman levels of the
S)/2 and P3/2 states. It is assumed that the field is

sufficiently weak that the levels are well described by the
L,S-coupling scheme. For convenience, the levels are la-
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beled from 1 to 6, starting with the lowest ground level.
The energy difference between levels i and j is denoted
by A'co;~ =Pi(co; c—oj. ). A laser of frequency co is assumed
tuned near co», the S»2, mJ ————,

'
P3/2 IJ—2

(1~3) resonance frequency. If b, denotes the detuning
from resonance then co=co»+A. AA is assumed small
compared to the energy separation between Zeeman lev-
els, which is in turn assumed to be small compared to
the P3/p and S&&2 energy di6'erence. The laser- light is
assumed to be linearly polarized with polarization per-
pendicular to the magnetic field axis. The only dipole
decay allowed for level 3 is back to level 1. Therefore,
the fluorescence from level 3 continues until an ofF-

resonance transition from level 1 to level 5 is induced.
There is a small probability of a nonresonant excitation
to this level due to the finite linewidth of the transition.
If level 5 becomes populated, the atom may decay to ei-
ther ground state: back to level 1 (with —,

' probability),
where the 1~3 cycling continues, or to level 2 (with —,

'
probability), where the electron remains until another
transition, again far from resonance, may remove it.
The dipole selection rules allow transitions from level 2

Level

to either level 4 or to level 6. Once in level 4, the atom
may decay back to level 1 (with —', probability) to resume
the strong fluorescence cycling. From level 6, the atom
may decay only to level 2. The other Zeernan ground
level, level 2, is the "shelf*' level which removes the elec-
tron from the strongly fluorescing system. Thus, as in
the three-level V configuration, which uses two light
sources, the fluorescence from this six-level, one-laser
system is expected to alternate between periods of dark-
ness and light. As opposed to other realizations of quan-
tum jumps, the shelf level in this case "decays" via spon-
taneous Raman transitions since spontaneous radiative
decay from level 2 to level 1 is negligible.

We use the density-matrix formulation to determine
the steady-state level populations and to show that the
two-state rate approximation is valid during the observa-
tion time of interest. In the rotating-wave approxima-
tion, the density-matrix equations are

P&& ——Q(lmo &&+Imo'&s/v 3)+Y(P33+2P44/3+Pss/3),

p22 = Il( lmo'24/+3+ Imo 26) +Y (P44/3+ 2pss /3+ p66 )

p33 0Imo ]3 pj033

p4q ———0Imar 24/v'3 —Ypq4,

pss
———Qlmo )s/+3 —Ypss,

3r
2

p
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p66 = —Imo z6 —'Vp66
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'Y )o is+ 2
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FICx. 2. The energy-level structure of the S&/2 and the I'3/2
states of an atom in a magnetic field. A laser of frequency co is
assumed to be tuned near the level 1 to level 3 transition fre-
quency which gives rise to a (on resonance) Rabi frequency of
Q. The laser polarization is assumed to allow only hmJ ——+ 1

transitions. The detuning from resonance is denoted by h.
The total spontaneous decay rate of each excited level is y and
the energy separation between excited levels is given by An/2.
The dashed arrow indicates o6'-resonance excitation of the
1~5 transition by the laser. The wavy arrows denote the
dipole-allowed spontaneous decays from levels' 3 and 5. OA'-

resonance excitation of the 2~4 and 2~6 transitions and
spontaneous decay from levels 4 and 6 are not shown in the
figure. It is assumed that n ~~6„y,Q.

where 0:—A&&
——Eod»/fi is the Rabi frequency of the

1~3 transition, y is the total spontaneous decay rate of
each excited level, Imo.

;~ denotes the imaginary part of a
coherence and the asterisk denotes complex conjugation.
The other Rabi frequencies are determined by the rela-
tive size of the dipole-matrix elements for light linearly
polarized perpendicular to the quantization axis:
d~s ——d~s/&3, d24 ——d26/&3, and d26 ——d]3.

There are only six nonzero coherences for our choice
of laser polarization. The four o.

;~ are due to direct laser
coupling of a ground and an excited level, while the two
p,z represent the stimulated Raman coherences between
pairs of excited levels coupled by the laser via a ground
level.

It is most compact to express the detunings, m —co;~ in
terms of b, (5=co—cos~) and the magnetic field splitting
of the levels. In the I.S-coupling scheme, the Lande' g
factors are g( S»2)=2 and g( P3/2)= —', (we take the
electron g factor equal to 2 for this calculation). The de-
tunings become
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16 y'+45'+Q'
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Terms of order (6/a) have been neglected.
We follow Cook et aI. by defining new population

variables

P —=P»+P33+P55

p+ =—p22+p44+pee=1 —p —.

Therefore, in steady state,

p = —,", +O(6/a),

p+= —,', +O(5/a) .

The ratio p /p+ ——16+0(b,/a) is the ratio of the mean
duration of the fluorescence on periods to the off
periods. A simple rate equation analysis confirms that
the ratio of the ground-state level populations is 16 in
the low-intensity limit (0 «y) and for b, =0. ' Howev-
er, we find that this ratio, unlike that for the three-level
V configuration, is largely independent of laser intensity
and is only weakly dependent on detuning (for
y, 0, b, «a). The surprising feature here is that this ra-
tio is independent of saturation and power broadening
effects. As Q is increased from zero, p» decreases as
population is transferred to level 3. We might expect,
therefore, that the probability of transferring population
from level 1 into the shelving level should diminish.
However, Eqs. (2) indicate that the population of level 5,
from which the shelving level (level 2) is populated via
spontaneous decay, increases as Q with no effect due to
saturation of the 1~3 transition. The apparent explana-
tion of this phenomenon is that population is transferred

CO —~5) ——4—O.',
co —cO42

——6+a /4,
co —c062=5—3A/4 .

In the above expressions C053 —C064 —a, where
gaia:—8p&8/3 is twice the Zeeman energy splitting be-
tween adjacent I'3/2 levels due to the magnetic field B
and pz is the Bohr magneton. We will assume hereafter
that a &&A, Q, y.

Solving the set of algebraic equation p;;=d;~ =p;J =0,
and using the conservation equation g; p;;=1 yields the
steady-state values of the populations p;;. Thus to the
first nonzero order of y/a or Q/a,
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FIG. 3. The ratio of the steady-state population in levels 1,
3, and 5 (p system) to the steady population in levels 2, 4, and

6 (p+ system) is plotted vs 0 for various detunings, 5, and for
a=1215 (all in units of y). p /p+ is equal to the ratio of the
mean duration of the fluorescence on periods to the off periods.
There is little effect due to saturation of the 1~3 transition

and only a slight deviation from the value of 16. The down-

turn in p /p+ for very large 0 is due to the power-broadened
linewidth of the transition becoming comparable to the separa-

tion between excited levels.
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FIG. 4. Same as Fig. 3, except that the stimulated Raman
coherences p35 and p46 have been neglected in the calcu1ation.
Saturation of the 1+-+3 transition causes p /p+ to deviate from
16 when 0 ~ y. This demonstrates that the Raman coherences
are responsible for the lack of intensity dependence of p /p+.

from level 3 to level 5 via the Raman coherence p35.
The increase in p35 with increasing Q exactly compen-
sates for the effect of the decreasing population in level
1.

We have used a computer to numerically solve Eqs. (1)
for the exact steady-state solutions using various values
of the parameters 6 and Q. Figure 3 is a plot of p /p+
versus Q for several values of A. The ratio remains re-
markably close to the value of 16 for 6=0 and Q «a,
and even for Q~~y. The ratio is offset from the value
16 when 5&0 by approximately —160(h/a).

Figure 4 demonstrates the importance of including
coherence effects in the calculation. Figure 4 is a plot of
p /p+ versus 0 when the coherences between excited
states p35 and p46 are neglected. p35 and p46 are due to
stimulated, off-resonant Raman coupling. Since this
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coupling is small for II «y, p /p+ remains close to 16
in the low-intensity regime. However, P /p+ rapidly
deviates from 16 when 0 is increased beyond y, indicat-
ing the increasing role the Raman coherences assume in
correctly describing the population evolution as Q in-
creases.

The dynamics of the population evolution is governed
by rates from two widely differing time domains: (1) a
"short" time of order y

' and (2) a much longer time in
which population is transferred between the p and p+
systems. An examination of the tr,j 'equations of Eqs. (1)
reveals that the short-time behavior is exponentially
damped in a time y '. Therefore, for times of interest
which are greater than y

' we can ignore the short-time
behavior. We would like to show that the evolution of
population between the p and p+ levels of this system
is similar to that of the V configuration. (The popula-
tion dynamics also determine the statistics of the emitted
photons. ) To do so, we must cast the dynamical equa-
tions in the form of a two-state rate equation. If we
identify R+ as the rate out of p, the strongly Auoresc-
ing ( —) system, and R as the rate back into it, the
two-state rate equations are

p = —R+p +R p+,
p+ =R+p — R —p+

Population is transferred between the two systems via
spontaneous radiative decay. To switch from the —sys-
tem to the + system the atom must decay from level 5
to level 2. The branching ratio for this transition is 3.
Similarly, the reverse process requires a decay from level
4 to level 1, also with —,

' probability. Therefore,

R+P =( 3»P s5-
and

and

80 y +O(b, /a) .
9a

The correctness of these values for R and R + has been
checked by numerically integrating Eqs. (1) and verifying
that the evolution towards steady state is indeed
governed by these rates. The decay of the short-time be-
havior in a time t =y ' was also verified.

The calculations which we have described assume that
a laser is tuned near the 1~3 transition. However, we
note that an entirely analogous set of equations and re-
sults are obtained by tuning the laser near the 2+ 6 tran-
sition.

The observation of quantum jumps in this system pro-
vides an excellent opportunity for comparison with
theory. The very weak dependence of p /p+
( =R /R+ ) on all of the parameters which can fluctu-
ate in an experiment means that the Auorescence statis-
tics may be very accurately measured and compared
with calculation. Additionally, the switching rate can be
carefully normalized by observing a portion of the laser
beam transmitted through the apparatus. An experi-
ment is now, underway at the National Bureau of Stan-
dards (NBS) to observe these effects. A single Mg+ ion
has been confined by an electromagnetic (Penning) ion
trap while a nearly resonant laser drives the
3 Si~p, mj ————,'~3 P3/2 mJ ————,'(1~3) transition.
This new apparatus has substantially better sensitivity
than a previous experiment which was able to detect a
single Mg+ ion but which did not have the sensitivity to
detect quantum jumps. ' For a magnetic field of 1.4 T,
the Zeeman splitting of the excited states is
—,'a= —,'(1215y)=(2m. )26. 1 GHz for Mg+, where
y=(2n. )43 MHz. Therefore, the regime of a&&y, A, b,

is quite readily achieved experimentally.

p+ =(—', )yp44 .

Using the expressions [Eqs. (2)] for the p;; gives

R+ = +O(b, /a)0 y
18'
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