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A great deal of effort has been applied to understanding population dynamics within a variety of coherent
excitation schemes. The goal in such studies has been to understand the conditions necessary for efficient
transfer of population from one state to another. While many theoretical treatments include the effects of
natural lifetimes that are present in any given system, some neglect this important aspect when considering
specific cases. Adiabatic approximations are also widely made. Additionally, it is often difficult to envision
how the different parameters controlling efficient population transfer are interrelated or even which parameters
are the most critical, especially when the decay lifetimes are taken into account. This work describes a
numerical study of coherent excitation applied to a87Rb ladder system where spontaneous decay rates are
included, and adiabaticity is not assumed. A useful method is introduced to explore the interdependence of
various excitation parameters. The efficiency of population transfer as a function of several experimentally
controllable parameters is explored, and other general trends are summarized.
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I. INTRODUCTION

In the past two decades, significant attention has been
focused on application of coherent population transfer tech-
niques to areas ranging from quantum computingf1g to elec-
tromagnetically induced transparencyf2g. A great deal of
work has been done in both theoryf3–5g and experiment
f6–8g, and a variety of coherent excitation schemes have
been exploredf9,10g. For the most part, the motivation be-
hind using coherent light in such a manner has been to en-
sure maximum population transfer from one state to another.

While the theory of coherent population dynamics has
been extensively studied, many treatments choose to neglect
population lifetimes present in the system when looking at
specific special cases. Additionally, many treatments that do
consider population lifetimes also employ an adiabatic ap-
proximation f11g. In defense of such approaches, most ex-
periments do not allow one to measure population dynamics
during the excitation and decay of populations; hence there
has been little motivation to include such loss terms when
discussing efficient methods to populate a particular atomic
state. However, recent experimentsf12g have demonstrated
the ability to measure the temporal evolution of populations
during coherent excitation. Thus, there is currently an inter-
est in theoretical models having decay terms present. A
deeper understanding of the dynamics of the mechanism
could yield important insights and allow better control and
manipulation of coherently excited targets. Nevertheless, it is
difficult to visualize and understand the relative importance
and the interplay between several separate experimental pa-
rameters, even without the added complication of including
spontaneous decay rates.

The goal of this paper is to discuss results from a numeri-
cal exploration of the population dynamics of a coherently
excited three-level system in which spontaneous emission

rates are included and adiabaticity is not assumed. This sys-
tem is closed; thus total population is preserved. The simu-
lations do not take into account other loss mechanisms such
as associative or Penning ionizationf13–15g that may be
present in this system, though if these rates were known,
they could readily be included. It is recognized, however,
that these loss mechanisms may play an important part in the
accurate depiction of the population dynamics.

The numerical simulations carried out here were meant to
explore experimentally accessible regions of parameter space
in a ladder system of states in87Rb. The primary goal of this
exercise is to achieve a better understanding of how the pa-
rameters controlling efficient population transfer are interre-
lated. This work investigates what conditions must be
present to achieve high efficiency coherent population trans-
fer from the 5s1/2, F=2 ground state to the excited 4d5/2, F
=4 state, while introducing a minimum population into the
intermediates5p3/2, F=3d state. This work also reviews the
basic theory of coherent excitation, introducing the equations
of temporal evolution that govern these population transfer
mechanisms, and exploring the effects of the most important
experimental parameters.

II. BASIC THEORY

One effective coherent excitation technique used in a va-
riety of applications is known as stimulated Raman adiabatic
passagesSTIRAPd. Other approaches, such as the application
of p pulsesf16,17g, can achieve similar efficiency in popu-
lation transfer; however, STIRAP is known for its robustness
in terms of small variations in laser intensity, timing, and
other excitation parameters. The theory of STIRAP has been
studied in detail elsewheref3,18g, and therefore, only a gen-
eral theoretical framework need be presented here.

The selected system of interest for this work is a three-
level “ladder” excitation scheme in87Rb fFig. 1sadg. The
“pump” laser is detuned from the 5s-5p transition byD1,
while the “Stokes” laser is detuned from the 5p-4d transition*Corresponding author. Email address: depaola@phys.ksu.edu
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by "D2−"D1, that is,"v1+"v2+"D2=E3−E1. "D1 and"D2
are, then, the detunings from one- and two-photon resonance,
respectively. The pump and Stokes lasers have Rabi frequen-
cies ofVp andVs, respectively.

Density matrix for three-level system

Using density matrices to describe the evolution of a
given system allows a phenomenological introduction of loss
terms to account for spontaneous decay. In the interaction
region, the Hamiltonian for the three-level system addressed
in this work is given by

H =
"

21 0 Vp 0

Vp 2D1 Vs

0 Vs 2D2
2 , s1d

where the rotating-wave approximation has been used. The
quantum Liouville equation, including relaxation terms to
account for spontaneous emission losses, is then givenf3g by

"ṙi j = − ifH,rgi j − "fGrgi j , s2d

where

fGrgi j = ri jo
k

1

2
sAik + Ajkd − di jo

k

rkkAki. s3d

Here, theAmn terms are EinsteinA coefficients connecting
statem to n. Implied in this notation is the conventionAmn
=0 unlessm.n. Becauser is Hermitian, and because the
diagonal terms, which represent the relative population of
each level, are all real, the task now consists of solving a set

of six coupled, first-order differential equations, subject to
the initial conditionsrmn=0 unlessm=n=1. This was done
numerically, as described below.

III. NUMERICAL RESULTS

For the results presented here, the laser pulses were cho-
sen to be Gaussian, although any pulse shape can be studied.
The pump and Stokes lasers have pulse widths full width at
half maximum ofwp andws, respectively. The delay between
pulses,t, characterizes the separation in time between the
centroids of the two pulses.t is defined to be positive when
the pump pulse precedes the Stokes pulse. This is referred to
as the “intuitive” pulse ordering; a negativet indicates a
so-called “counterintuitive” pulse ordering. The pump and
Stokes fields have intensitiesIp and Is, respectively. These
readily measurable intensities are used as parameters in place
of the related Rabi frequencies of Eq.s1d. Therefore, the
seven parameters of interest in this work are
Ip,Is,wp,ws,D1,D2, and t. Figures 1sad and 1sbd illustrate
the parameters of interest.

Using theMATHEMATICA softwaref19,20g to set up and
solve the system of equations allows one to dynamically in-
teract with the parameters of interest, selecting values and
plotting the solutions in real time. Figure 2 is a typical time
evolution plot, showing the populations in the 5s,5p, and 4d
states as a function of time for some selected values of the
seven parameters of interest. Note that such a plot can yield
extensive information about coherent excitation, such as
whether the population transfer is in an adiabatic or diabatic
regime f12g. While such plots are of great value in under-
standing the behavior of coherent transfer processes, they are
not the focus of this work.

Using plots like that in Fig. 2, one can quickly obtain an
intuitive feel for how individual parameters affect population
dynamics. However, a “global” picture of multiple parameter
interactions is still lacking simply because fixing all but one
variable and changing only a single parameter at a time is an
awkward approach to exploring this large multidimensional
parameter space.

FIG. 1. A three-level ladder system for STIRAP.sad Simplified
energy level diagram. In the work of this paper,u1l refers to
5s1/2F=2, u2l refers to 5p3/2F=3, and u3l refers to 4d5/2F=4 in
87Rb. "D1 and "D2 are the detunings from one- and two-photon
resonance, respectively.sbd Counterintuitive pulse sequence for
STIRAP. The “pump” pulse driving the 5s1/2→5p3/2 transition fol-
lows the “Stokes” pulse driving the 5p3/2→4d5/2 transition.

FIG. 2. Typical plot of populations versus time. Note that popu-
lation in the 5p level lags that in the 4d level, indicative of adiabatic
coherent population transfer.
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The alternative used in this work was to randomly select
values for each of the seven parameters of interest within
appropriate ranges defined by typical experimental limita-
tions. Pulse widthswp andws were studied over a range from
33 to 100 ns. Pulse widths larger than 100 ns were not ex-
plored because the experimental focusf12g is on the few
nanosecond time scale. Pulse widths of 33 ns are consistent
with the shortest pulses typically available from acousto-
optical modulators. The pulse delayt ranged from −200 to
200 ns in accordance with the pulse width selection. For
utu@200, the pump and Stokes pulses will not overlap sig-
nificantly.

The pump and Stokes intensitiesIp andIs were selected to
have ranges from 0 to 100 mW/cm2, denoting a reasonable
range consistent with typical cw diode laser output intensi-
ties. Similarly, one- and two-photon detuningsD1 and D2
ranging from −150 to 150 MHz span the detuning ranges
available from acousto-optical modulators. The range for
each control parameter extends sufficiently to probe the be-
havior of the system in depth, yet does not extend beyond
what is reasonably achievable in the laboratory.

For each set of randomly selected parameters, the algo-
rithm determines the time at which the largest fraction of
population is present in the 4d level. This excited-state frac-
tion is recorded, along with the fraction of atoms in the 5s
and 5p levels at that same time. For the data presented here,
populations were calculated for 180 000 sets of parameters.

In order to develop an intuitive feeling for the interplay
between the seven parameters, a particular parameter of in-
terest was plotted versus the maximum 4d population, keep-
ing in mind that all other parameters were completely ran-
dom. This is an effective integration over the remaining six
parameters. In this manner, one may achieve a qualitative
understanding of how a single parameter behaves with re-
spect to maximum 4d production, yet one can also see how
this single parameter couples with the projection of all other
parameters in general. A few such plots are included in this
work, and the parameters that most strongly influence effi-
cient coherent excitation are discussed.

Figure 3 shows a contour plot oft versus fractional 4d
population. The third dimension indicates how many of the
180 000 runs resulted in a particular 4d fraction and a par-
ticular value oft. That is, the gray scalescolor for online
versiond on this axis represents the number of data points
that correspond to a givent and fractional 4d population
combination, with all other parameters taking on random val-
ues. For example, the bright area att=50 ns indicates that
one is most likely to obtain a fractional 4d population of 0.40
throughout the random parameter space sampled by the re-
maining six parameters of interest. Conversely, in the dark
areas it is not likely that any combination of the remaining
variables will result in any population transfer into the 4d
state. Thus, while one does not have specific information
regarding the six remaining parameters, it is clear that in
order to achieve population transfer above,0.30 into the 4d
level, t should range between −150 and +150 ns. General
conclusions about the other parameters of interest can be
reached from these results, such as the fact that larger pulse
widths cannot compensate fort values outside the aforemen-
tioned range.

Figure 3 also demonstrates a known idiosyncrasy of pulse
order in STIRAP. Two regions, marked by dotted lines, show
the intuitive delay, or pump pulse preceeding the Stokes
pulse, and counterintuitive delay regimessareas labeledA
andB, respectivelyd. It is more likely for a given set of ran-
dom parameters to yield 4d population transfer in the intui-
tive regime, yet this intuitive configuration does not yield
efficient population transfer, since the range of 4d fraction
runs from 0.25 to 0.45 for this range oft. On the other hand,
for the counterintuitive pulse ordering, population transfer is
less robust with respect to the remaining parameters, but the
amount of population transferred to the 4d state ismuch
higher, up to 0.90. The advantage of this form of presentation
is that it gives one the ability to see at a glance that pulse
delay is a critical factor in determining efficient 4d popula-
tion transfer, and that one can not compensate for a “bad”
delay by adjusting any of the other parameters.

Figure 4 is similar in construction to Fig. 3. Here, the

FIG. 3. Fractional 4d5/2 production versus pulse delay. Two dis-
tinct regions exist, delineated by dotted lines, corresponding to in-
tuitive pulse ordersregionAd and counterintuitive pulse ordersre-
gion Bd.

FIG. 4. Fractional 4d5/2 production versus pump laser intensity
Ip. The two visible bands at,0.40 and,0.80 correspond to the
intuitive and counterintuitive pulse delay regimes, respectively.
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parameter of interest, namely, the intensity of the pump laser
light, Ip, is plotted versus 4d population. Two distinct regions
are apparent, one showing a robust but low transfer effi-
ciency of populations,0.40d, and the other showing a less
robust, but much more efficient transfers,0.80d. These
bands are correlated with the state of the pulse delay. The
band at 0.40 results from the intuitive pulse delay configura-
tion, while the band at 0.80 corresponds to the counterintui-
tive configuration. This conclusion can be verified by selec-
tively plotting data for whicht takes on values in the
intuitive or counterintuitive regime, as shown in Fig. 5. In
practice, this was done by taking “cuts” in the seven-
dimensional parameter space for whicht lies in either region
A or B of Fig. 3. The intuitive pulse order is plotted in Fig.
5sad, where pulse delay was limited to a range from 25 to
150 ns. Figure 5sbd shows results when the pulse delay
ranged from −150 to −50 ns. Again, it is evident how critical
t can be as it gives rise to two distinct parameter regions in
each of the other six variable plots.

Close inspection of Fig. 4 or 5 indicates that forIp
.20 W/cm2, Ip does not seem to be a critical parameter for
efficient production of 4d. Intensities below,5 mW/cm2

result in much less robust, but not much less efficient, 4d

production. Plotting the intensity of the Stokes laser light,Is,
yields similar results to Figs. 4 and 5.

Figure 6 shows the Stokes laser pulse widthws versus
fractional 4d population. As ws decreases, population is
transferred to the 4d level more efficiently in both the intui-

FIG. 7. Fractional 4d5/2 production as a function of detuning.sad
Single-photon detuningD1. sbd Two-photon detuningD2. Param-
eters for these two specific cases are listed in the text.

FIG. 5. Gated fractional 4d5/2 production versus pump laser in-
tensityIp. sad Only intuitive pulse order counts are plotted.sbd Only
counterintuitive pulse order counts are plotted.

FIG. 6. Fractional 4d5/2 production as a function of Stokes pulse
width.
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tive and counterintuitive regimes. Also, both regime bands
narrow as pulse width decreases, indicating that the accept-
able range of the other six parameters is decreasing. The
counterintuitive pulse regime appears to be affected by the
Stokes pulse width more than the intuitive pulse regime, as
indicated in the sharpness of curvature evident in the band at
,0.80.

Because no adiabatic approximation has been made, one
could explore adiabatic or diabatic transfer regimes by se-
lecting combinations of laser pulse widths and intensities. In
general, the more narrowwp andws become, the more diaba-
tic the process becomes. Similarly, diabaticity increases as
intensitiesIp and Is increase, for fixed pulse widths. Explo-
ration of adiabatic versus diabatic behavior can thus be
achieved by selecting combinations of laser intensity and
pulse width to study particular regions of interest.

In order to accentuate the relative importance of one- and
two-photon detuning, data can be plotted for fixed selected
delay, pump and Stokes pulse widths, and intensitiesf21g,
while varying bothD1 and D2. The results shown in Figs.
7sad and 7sbd indicate that single-photon detuning is much
less important than two-photon detuning, a result consistent
with previous calculationsf18g. In a series of plots showing
D1 andD2 versus fractional 4d population for different val-
ues of Ip and Is, the curvature of the bands was seen to

greatly increase as the intensities decreased. That is, for ef-
ficient population transfer, larger values of laser intensity re-
quire smaller values of one- and two-photon detunings.

IV. SUMMARY

This work has shown the behavior of coherent population
dynamics when population lifetimes are taken into account,
and examines the interdependence of various critical param-
eters in achieving efficient population transfer to the target
excited state. The techniques presented here allow one to
explore population transfer behavior as a function of a vari-
ety of separate parameters, and, through the use of indicious
projections of the data, analyze the inherent interdependen-
cies of this seven-dimensional space. It is evident from the
data presented here that pulse timing is the most critical pa-
rameter in efficient population transfer, while other variables,
such as laser intensities, are much less restrictive.
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