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Chirped-pulse multiphoton transitions between Rydberg states

C. W. S. Conover,* M. C. Doogue, and F. J. Struwe
Department of Physics and Astronomy, Colby College, Waterville, Maine 04901

~Received 14 June 2001; published 26 February 2002!

Rydberg atoms in a static electric field provide an experimental system with which many aspects of strong
atom-field interactions can be tested. We report measurements of multiphoton transitions in Rydberg states of
potassium driven by chirped pulses of rf radiation. Pulses of rf are produced with frequencies swept from 675
to 825 MHz at rates from 0.25 MHz/ns to 7.5 MHz/ns. We present measurements of population transfer in a
two-level system as a function of rf field strength and sweep rate. The data is analyzed with a dynamical
Floquet model using Landau-Zener transition probabilities; this model accurately describes these transitions.
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I. INTRODUCTION

The efficient excitation of atoms and molecules to parti
lar states is of continuing interest in both physics and che
istry. Use of nearly monochromatic radiation with precise
controlled amplitude and duration can completely dr
population to excited states with ap pulse. However, these
pulses require precise control over the radiation field a
further, atomic motion creates Doppler shifts that limit t
effectiveness ofp pulses. Over the past decade there h
been more interest in the use of frequency and amplit
modulated pulses to efficiently and robustly drive transitio
between quantum states. In the technique of stimulated
man adiabatic passage~STIRAP! @1# two amplitude shaped
monochromatic pulses can efficiently and robustly mo
population within a three-state system with relaxed requ
ments on the pulse area and frequency, although the
quency difference between the two radiation sources mus
precisely controlled. Even more recently there has been
terest in extending the STIRAP techniques that have wor
for simple three-level systems to more complex ladder s
tems and to multiphoton transitions@2,3#. Frequency swep
~chirped! pulses have been shown theoretically and used
perimentally to drive transitions with efficient populatio
transfer in atomic and molecular systems with three or m
levels @4–11#. The technique of chirped adiabatic passa
~CHIRAP! is insensitive to the pulse area, pulse shape,
exact central frequency of the radiation.

Theoretical work to determine robust laser pulse sha
for ladder climbing by chirped pulses has been carried
using the adiabatic Floquet model and using Landau-Ze
analysis of the transition between quasienergy states@12#. To
be effective, the theory requires that laser pulses have slo
varying amplitudes and frequencies. However, since the
sign of frequency and amplitude modulated pulses for us
molecular experiments usually requires ultrafast laser s
tems, designs for chirped pulses used with realistic mod
often have frequencies that change on the order of a
cycles, calling into question the use of the adiabatic mod

In this paper, we report on an experimental study of m
tiphoton transitions driven by frequency swept pulses w
constant amplitude in a two-level system. The pulses w
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typically 500 cycles long. Specifically, we have measured
population transfer driven by 2, 3, 4, and 5 photon proces
as a function of amplitude and chirp of the pulse. We m
sured the population transfer between states over a w
range of values of the chirp. We have adjusted the freque
sweep from 13% to 26% of the central frequency, and sw
the frequencies in times ranging from 450 cycles to
cycles of the rf.

Using a simple, well-characterized system allows us
carefully compare the experimental results to the direct in
gration of Schro¨dinger’s equation as well as the adiaba
Floquet model and the associated Landau-Zener proba
ties, for transitions driven by chirped pulses. The experim
tal system that we have used is a pair of Rydberg states@13#
in potassium whose energy separation can be tuned by
application of a static electric field. In zero field the (n
12)s state is depressed slightly below the nearly hydroge
values of thenl states (l >3), wheren denotes the princi-
pal quantum number andl denotes the orbital angular mo
mentum. In a static field greater than a few V/cm the highl
states are mixed and shifted by a linear Stark effect, and
low-l states are shifted by a quadratic Stark effect. In a la
static electric field the energy of the (n12)s state intersects
the manifold of linearly shifted Stark states. The intersect
of the 24s and lowest state in then522 manifold is seen in
Fig. 1~a!.

To label the states, we follow the notation of Bloomfie
et al. @14# The first state is referred to as ans state because
despite the fact that angular momentum is not a good qu
tum number in the field, the wave function of this state
mains essentially unchanged below the crossing with
Stark manifold. The manifold state that thes state first inter-
sects is labeled by its parabolic quantum numbern1 as the
n,3 state because it connects to then f state in zero field. This
state is a superposition of all states withl >3 and thus is not
a state of definite parity. The energy levels of these t
states, which are referred to as the diabatic states, ca
parametrized as

W15W(n12)s52
1

2
aSE2, ~1.1a!

W25Wn,35Wo2kE, ~1.1b!
©2002 The American Physical Society14-1
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where we have defined the zero of energy as the energ
the (n12)s state in zero electric field.Wo is the energy of
the n,3 state in zero field,k is the dipole moment of then,3
state, andaS is the scalar polarizability of the (n12)s state;
these parameters can be determined by diagonali
the Stark Hamiltonian with a finite basis@15#. For
the 22,3 and 24s states Wo/2p5110.4 GHz, k/2p
5815.5 MHz/(V/cm), andaS/2p50.5127 MHz/(V/cm)2.
Near the crossing the states have a relative slopekrel/2p of
750 MHz/~V/cm!, wherekrel5k2aSEDC. In the absence o
coupling, these states would cross at 141.7 V/cm.

As evidenced by the small avoided crossing in Fig. 1~a!,
the states are coupled by interaction with the nonhydroge
atomic core. Off-diagonal matrix elements mix the tw
states and cause the crossing to be avoided with sizeVo .
The upper and lower energy levels in the diagram are
ferred to as the adiabatic states; far from the avoided cros
they are identifiable as the diabatic states, but near the cr
ing they are strongly mixed. Because thed andp states are
isolated from the Stark manifold at the electric field whe
the (n12)s andn,3 states intersect, the (n12)s state is only
weakly coupled to the high-l states in the manifold, leadin
to a particularly small avoided crossing. The size of the
crossings scale asn26, and for the 24s to 22,3 states we
numerically calculatedVo/2p5139 MHz.

The coupling between the (n12)s andn,3 states due to
an rf field is given by the multiphoton Rabi rate, which c
be derived from Floquet theory@16#

Vn5VoJnS ~k2aSEDC!Erf

v rf
D , ~1.2!

whereJn(x) is a Bessel function. Thus, the multiphoton Ra
rate is predictable from static atomic properties, a precis

FIG. 1. Figure showing~a! the energies of the 24s and 22,3
states of potassium in a static electric field showing the avoi
crossing,Vo/2p5138.5 MHz, at 141.7 V/cm and~b! the upper-
state population after a 1-ms pulse of unchirped 750-MHz radiatio
with an amplitude of 2.8 V/cm.
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measurable static electric fieldEDC, the amplitudeErf , and
the frequencyv rf of the rf pulse. In weak rf fields, where
krelErf!v rf , these couplings are identical to the perturbat
limit of Vn}Erf

n . Most of our data was taken in the regim
where the energy levels are strongly perturbed by the rf fie
krelErf>v rf . Previous CHIRAP experiments using lase
@4,6,7,10,11# were performed with intensities that gave~ac
Stark! energy-level shifts significantly smaller than the ph
ton energy@17–19#.

These two levels of potassium are an excellent system
exploring multiphoton transitions. A combination of sma
multiphoton Rabi rates~less than 100 MHz! and the relative
slopes near 1 GHz/~V/cm! of the two states makes them ide
for experiments using the Floquet picture in the frequen
range near 1 GHz with amplitudes of less than 10 V/c
Fields in this frequency and amplitude range can be rea
produced and controlled in the laboratory. In addition, m
surement of the population of both of the states can be d
with high efficiency through selective electric-field ioniz
tion @20#.

Below we describe the experimental apparatus and
procedures for measuring the pulse parameters and dat
the population transfer. Next, we discuss the results of
experiment and compare our results to a Floquet mo
The Floquet model@21# of multiphoton transitions has bee
used extensively in the analysis of multiphoton laser@17–
19,22–25# and microwave@16,26–28# experiments. In laser
experiments the theory is understandably difficult to che
because of the necessity of focusing the laser and the st
dependence of the predictions on the field stren
@17,19,25#.

II. EXPERIMENT

The experiments were designed to measure the trans
probability for transitions between the (n12)s and n,3
states in potassium driven by chirped rf fields as a funct
of the chirp, the rf intensity, and the photon order. Here,
briefly give an overview of the experiment, followed in su
sequent paragraphs by a detailed description of the var
parts of the apparatus. A thermal beam of potassium at
passes between the parallel plates of a 50V transmission
line, shown schematically in Fig. 2. Lasers excite the ato
to the lower level of the two-level system. The rf pulse
generated by a voltage-tuned oscillator~VTO!, the output of
which is gated with rf mixers, attenuated to set the rf amp
tude, then amplified and coupled into the transmission li
The atoms then undergo multiphoton transitions to the up
level. Finally, the populations in the two states are detec
by a selective field ionization pulse applied to the lower pl
of the transmission line.

The transmission line is of a similar design to one d
scribed earlier@29,30#. The line consists of two parallel bras
plates with a width to separation ratio of 7.5, so that th
have a 50-V impedance. In this 20-cm-long transmissio
line, the plate separation is 0.762 cm, and the width of
plates is 5.72 cm. The signal to the top plate is coupled fr
a coaxial cable by standard SMA connectors and passes
monitor via a second SMA connector and coaxial cable. T

d

4-2



pF
io
to

s-
o
th
el
e
le
ch

ve
t

te

ilt
co

tri
ng
-
te
a

ed
el
in

n
d

ro
to

to

to
the
ser
osi-
use
ia-

n-
s are

to
of

ec-
y a

nal
for
Fig.
nal

ged
r is
ns-

ed
ng
ice
ge

g
tor
lse
nce
ar-
as a
er.
ut-

nd
-
35
ol-
he
se
tors

e
as
are
the

ures
s a

th
lin
a

tic
MA
l
at
ion
th
ac

CHIRPED-PULSE MULTIPHOTON TRANSITIONS . . . PHYSICAL REVIEW A 65 033414
lower plate is connected to the SMA grounds via 100-
microwave capacitors. The capacitors allow the applicat
of static voltages and slowly varying high-voltage ramps
the lower plate while only minimally affecting the transmi
sion of the rf. Care was taken to minimize the reflection
the rf at the interface between the coaxial lines and
parallel-plate transmission line. In order to reduce static fi
inhomogeneities, the plates of the transmission line w
carefully flattened, polished, coated with carbon, and dril
with a single 0.5-mm hole in the top plate through whi
electrons could pass.

The atomic beam is produced in a resistively heated o
and passes through the transmission line perpendicular to
propagation of the rf pulse. The atoms are excited in a s
wise manner, from the 4s1/2 to the 4p3/2 and then to the
selected (n12)s Rydberg states by two pulsed homebu
nanosecond dye lasers pumped, respectively, by the se
and third harmonics of a 20-Hz Nd:YAG~yttrium aluminum
garnet! laser. The excitation takes place in a static elec
field about 134 V/cm, well below the avoided crossi
shown in Fig. 1~a!. This electric field is produced by apply
ing a well-regulated negative voltage to the bottom pla
The laser beams are nearly colinear and propagate antip
lel to the atomic beam.

About 100 ns after the Rydberg state is populated, a ‘‘p
estal’’ voltage is applied that brings the states to the fi
required for the experiment. The pedestal voltage slowly
creases the electric field, in a time of about 2ms, by adding
a voltage of up to18 V to the top plate of the transmissio
line; the amplitude of this voltage is computer controlle

FIG. 2. Overview of the experimental apparatus showing
chirped-pulse generation scheme, parallel-plate transmission
atomic source, and microchannel plate detectors. The atomic
laser beams are antiparallel with the laser polarization in the ver
direction. The transmission line is constructed of brass with S
connectors and 100-pF capacitors used to couple the pedesta
microwave pulses onto the line while isolating the bottom pl
from ground to allow static and state-selective field ionizat
pulses to be applied. A 0.5-mm hole drilled in the top plate of
transmission line allows electrons from the ionized atoms to re
the detector.
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The pedestal voltage remains constant for 2ms, during
which time the rf pulse is applied, and then falls back to ze
in an additional 2 ms. The pedestal voltage is coupled in
the rf circuit with a modified bias tee~Pasternack PE-1601!.
Over 1 ms the top of the pedestal voltage is constant
better than 1% (,0.08 V).

Using the pedestal voltage allows the laser excitation
take place well away from the avoided crossing where
states are mixed, and thus only excite the lower level. La
excitation near the avoided crossing populates a superp
tion of both the upper and lower states. However, beca
the dynamics within the pedestal voltage are entirely ad
batic, population remains exclusively in the lower level, i
dependent of how close to the avoided crossing the state
brought.

Approximately 500 ns after the pedestal voltage returns
zero, a large, negative, ramped voltage with a rise time
1 ms applied to the bottom plate ionizes the atoms. El
trons produced by field ionization are then detected b
microchannel plate detector, with the electrons from then,3
state arriving 50 ns before those from the (n12)s state. The
technique of using the pedestal voltage has the additio
advantage of keeping the time of field ionization constant
each state, even for experiments, such as those shown in
1~b!, where the energy separation is changed. The sig
from the microchannel plates is then amplified and avera
in a gated integrator. The output of the gated integrato
read by a digital-to-analog converter and the data is tra
ferred to a computer.

The rf source was a Avantek VTO-9068 voltage-tun
oscillator designed specifically for fast frequency hoppi
between 500 and 1000 MHz. The output power of this dev
is 10 dBm, and the frequency is tuned by biasing a volta
variable capacitor~varactor!. The VTO’s tuning rate is lim-
ited mainly by the output impedance of the circuit drivin
the capacitive load of the varactor. In cw mode, the oscilla
is tuned with a regulated dc power supply. In chirped-pu
operation, the oscillator is tuned by altering the capacita
of the varactor with a ramped voltage. The ramp to the v
actor is created by an HP8015A pulse generator, which h
variable rise time output that is controlled with a comput
The output of the HP8015A is buffered by a fast, low outp
impedance amplifier~CLC430! that in turn drives the var-
actor.

The output of the oscillator is sent to a pair of broadba
mixers ~Minicircuits ZFM-4H! whose intermediate fre
quency ports are driven by the output of an SRS DG5
pulse generator. This provides a pulse of rf with a contr
lable width that has an on-off contrast ratio of 42 dB. T
output of the mixers is a trapezoidal pulse of rf with a ri
time of 3 ns. This output is sent to a set of step attenua
and finally to a broadband power amplifier~MiniCircuits
ZHL-2-12! with a maximum output power of 27 dBm. Th
output of the amplifier is then sent to the rf input of the bi
tee and from there to the transmission line. The rf pulses
timed to arrive at the transmission line during the peak of
pedestal voltage.

The simplest experiment using the apparatus meas
population transfer for a pulse with constant frequency a

e
e,
nd
al

and
e

e
h

4-3



to
n
om
50
Fi
e

fo
s

in
te
r

gl
he

h

a
tly
in
ne
th

s
ea
li

5-
in
d
i

on
ra
g

th
n
e
e
a
e

n

-

te
t
5
th

can

e

u-
lse
he

n

os-
ata
ere
lf

ion
li-

eory
-

ept
ri-
ied

e
es of
igi-

in
o
sed

n of

as

m
or

ow
s,
ept

be-
q.

e
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function of the static electric field, which corresponds
measurement of absorption versus the energy separatio
tween the two quantum states. By varying the dc field fr
136 to 142 V/cm, one to five photon resonance with a 7
MHz pulse can be produced for the energy levels seen in
1~a!. Figure 1~b! shows the population transfer from th
lower to upper levels as a function of static electric field
a 1ms pulse of 750-MHz radiation. This figure clearly show
that absorption comes when the energy separation is an
ger times the photon energy@14,20#. Because the upper sta
does not have definite parity both even- and odd- order p
cesses are allowed. For low-intensity pulses only the sin
photon transition has appreciable probability, while with t
2.8 V/cm rf field strength used for the experiment Fig. 1~b!,
up to five photons of absorption can be easily seen.

Data such as those in Fig 1~b! also allow us to estimate
the static field homogeneity within the transmission line. T
width of the five-photon resonance in Fig. 1~b! is 0.08 V/cm,
demonstrating a static field homogeneity of better th
0.05%. The inhomogeneity of the field is probably mos
due to variations in the pedestal voltage, but there is certa
a contribution from imperfections in the transmission li
plates. Such a field homogeneity gives an uncertainty in
resonance frequency ofkrelDEDC'60 MHz.

We calibrate the rf field amplitude in two ways, and the
methods agree to within 5%. First, and most simply, we m
sure the voltage between the plates of the transmission
using a high-impedance fast oscilloscope probe~Avtech
AVP-BP-1! and a digital sampling oscilloscope with a 1.
GHz bandwidth. Using this voltage and the known spac
between the plates of the transmission line we determine
calibration between the attenuation and the rf amplitude
the interaction region. Because of the inevitable reflecti
and cable losses, this method is significantly more accu
than measurements made by sampling the voltage enterin
leaving the transmission line.

The second method we used, initially to determine
accuracy of the oscilloscope probe, is to use the known o
photon Rabi rates@16# and to calibrate by measuring th
population transfer as a function of the width of the rf puls
This method has turned out to be remarkably accurate
was the method used for field calibration in all of th
chirped-pulse experiments to be presented in Sec. III.

For a given resonance frequencyvo and rf frequencyv rf ,
the population will oscillate between the two states as a fu
tion of time given by the familiar Rabi equation

P~ t !5
Vn

2

Vn
21Dn

2
sin2SA~Vn

21Dn
2 t

2D , ~2.1!

whereDn5nv rf2vo is the detuning from multiphoton reso
nance and the Rabi rateVn is given by Eq.~1.2!. In the
calibration experiment, we invert this equation and de
mine the strength of the rf field from the measured Rabi ra
assuming zero detuning. First, the rf oscillator is set to 7
MHz, and the pedestal voltage brings the electric field to
03341
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position of the one-photon resonance, determined by a s
similar to that in Fig. 1~b!, but taken with very low rf ampli-
tude (.5 mV/cm) so as to determine the location of th
resonance accurately.

An rf pulse with a variable width is applied and the pop
lation is measured as a function of pulse width and pu
intensity. Data from this experiment is shown in Fig. 3. T
inset figures show the electron signals from the 24s and 22,3
field ionization for two different rf amplitudes as a functio
of pulse width.

Data such as these were Fourier transformed and the
cillation frequencies were determined. A series of sets of d
were taken in this way and the extracted Rabi rates w
plotted. The error bars in Fig. 3 are the full width at ha
maximum of the peaks in the Fourier transforms. Equat
~1.2! was fit to the data using a scale factor for the rf amp
tude as the only parameter. The data agrees with the th
and the extracted field calibration is within 5% to the rf am
plitudes determined with the oscilloscope probe.

In chirped-pulse operation, the frequency can be sw
from 675 to 825 MHz in as little as 15 ns. We have expe
mentally determined that the frequency follows the appl
voltage faithfully, even when using the fastest rise tim
pulses that we can apply. We have measured the properti
the chirped pulses with the fast oscilloscope probe and d
tal oscilloscope; an example of a fast sweep is displayed
Fig. 4~a! for an 80-ns pulse swept from 675 to 825 MHz. T
extract the time dependence of the rf frequency we have u
the method of complex demodulation@31#. Complex de-
modulation extracts the amplitude and phase as a functio
time relative to a carrier wave. Figure 4~b! shows the phase
of the measured pulse relative to a 750-MHz carrier wave
a light line.

Determining the frequency as a function of time fro
the phase data can be done with a numerical derivative
by fitting the phase function to a known shape. For sl
sweeps,~not shown! with a sweep time of greater than 50 n
the frequency is essentially a linear function of time, exc

FIG. 3. Rabi rate measured for the one-photon transition
tween the 24s state and the 19,3 state. The solid line is a fit to E
~1.2!. The inset figures show the measured electron signal~in ar-
bitrary units! for each state as a function of rf pulse width for th
two points indicated on the graph.
4-4
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very close to the beginning and end of the sweep. For fa
sweeps, such as the one shown in Fig. 4, the frequency is
a linear function of time and its shape can be modeled b
hyperbolic tangent,

v~ t !5vo1b tanhS t2to

t D , ~2.2!

whereb determines the extent of the frequency sweep ant
is a measure of the rise time. After fitting the phase extrac
from the complex demodulation to the equation

f rel~ t !51bt lnFcoshS t2to

t D G1C, ~2.3!

we determinev(t)5vo1df rel /dt, as is shown by the bold
line in Fig. 4~b!.

In the analysis of Sec. III, we treat the frequency sweep
if it were completely linear, but for the fastest sweeps, ty
fied by the data in Fig. 4, this is clearly not the case. Ho
ever, if the rf is near resonant in the middle of the sweept
'to , the frequency is approximately linear in time,v5vo
1b(t2to)/t. In our fastest sweeps, this linear region e
tends over approximately 100 MHz of the 150-MHz swee
As long as the multiphoton Rabi rate is smaller than
interval over which the frequency changes linearly, which
the case for all of the data we present, then we can useb/t
as an effective linear chirp rate.

III. RESULTS AND DISCUSSION

We have measured the transition probability for multiph
ton transitions as a function of the chirp, keeping the rf a
plitude constant. Typical data for the 24s to 22,3 transition
are shown as the open circles in Fig. 5. In these graphs an
the analysis that follows, we define the chirp of our pulses

FIG. 4. Data from a sample chirped rf pulse showing~a! the
actual rf field versus time in the transmission line and~b! a mea-
surement of the phase relative to a 750-MHz carrier~light line! and
the instantaneous frequency~dark line! of the pulse assuming a
hyperbolic tangent shape.
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a51/v̇. This designation, following the spirit of Noordam
and co-workers@4,7#, makes both the analysis to follow an
the insensitivity of full population transfer to exact param
eters of the pulse more clear.

Data was recorded as the rf was chirped over a freque
interval D f 5150 MHz from 675 to 825 MHz in a time in-
terval Dt, which was varied between 15 ns and 600 ns, c
responding to chirps 2pa5Dt/D f of 0.1 ns/MHz to 4 ns/
MHz. By varying the rf field we vary the coupling betwee
the two levels allowing observation of the effect of the mu
tiphoton Rabi rate on the population transfer.

Data such as that shown in Fig. 5 has been taken with
frequency swept in both directions, either increasing~red to
blue! or decreasing~blue to red! the frequency during the r
pulse. The data are identical for these experiments, as is
pected for two-level systems. All data presented in this pa
were taken using red-to-blue sweeps. Experiments were
performed withD f 5100 and 200 MHz with indistinguish
able results.

The data in Fig. 5 show qualitatively how the populatio
transfer depends both on the chirp and the amplitude of th
pulse. Figure 5~a! shows data for a weak pulse, with a
rf amplitude of 2.3 V/cm, corresponding to a Rabi ra
Vn/2p57 MHz. In this regime the population transfer
linearly proportional to the chirp or, equivalently, to the tim
the chirped pulse spends near resonance. For the da

FIG. 5. Plot of the experimental data~circles! of the upper-state
population as a function of the chirp 2pa for four-photon transi-
tions between the 24s and 22,3 states. The three graphs show
effect of varying the field strength of the chirped pulses. From
to bottom the data are for~a! 2.3 V/cm (V4/2p57 MHz), ~b! 3.3
V/cm (V4/2p523 MHz), and~c! 5.8 V/cm (V4/2p553 MHz).
The solid lines are fits of the Landau-Zener equation, Eq.~3.4!, to
the data, from which the multiphoton Rabi rates may be extrac
4-5
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Figs. 5~b! and 5~c!, corresponding to Rabi rates ofVn/2p
523 MHz andVn/2p553 MHz, respectively, the data in
creases linearly at small chirp and then saturates with 10
population transfer. The data also shows small oscillati
superimposed on the overall structure.

In order to understand the data, we define an effec
pulse area as the product of the on-resonance Rabi rate
tiplied by the time spent within6Vn/2 of the resonant fre-
quency,

Aeff5VnS Vn

nDv
Dt D5

Vn
2

nv̇
5Vn

2 a

n
, ~3.1!

whereDv52pD f , v̇ is the constant rate of change of th
angular frequency, anda51/v̇ is the linear chirp.

The response will be described well by perturbati
theory as long as the effective pulse area is much less thap.
For a weak broadband pulse, we expect that the tran
probability is given by@32#

uC2u25Ptrans5
p

2
Vn

2 Dt

Dv
5

p

2
Aeff . ~3.2!

In the perturbative regime the population transfer is expec
to be linearly proportional to the chirp.

In the case of the data in Fig. 5~a! the n-photon detuning
nD is less than the Rabi rate for 5 ns at the slowest ch
giving a pulse areaAeff'0.3. Thus, the perturbative result o
Eq. ~3.2! agrees with the data presented in Fig. 5~a!.

Figures 5~b! and 5~c! show that when the rf pulses ar
more intense, with a commensurate rise in the Rabi rate,
the population transfer is no longer a linear function of t
chirp, and that a simple perturbative analysis no lon
holds. For pulses such as these, where the Rabi rates a
large that the effective pulse areasAeff are greater thanp
for pulses with slow chirp rise times. In the graphs of Fig
5~b! and 5~c!, Aeff5p for 2pa53.8 ns/MHz and 2pa
50.7 ns/MHz, respectively.

In order to analyze the data for large intensities and re
tively slow chirps we have used the dynamic Floquet mo
@16#. The Floquet model determines the energy levels
dressed states, and converts the problem of the two le
interacting with a rapidly oscillating field to one that is fo
mally identical to that of the dynamics of two real ener
levels with an avoided crossing of sizeVn and a separation
governed by the rf frequency. The location of the avoid
crossing is the rf frequency forn-photon resonance, and th
size of the avoided crossing is adjustable by the experim
tally controllable rf amplitude. Written in matrix form
Schrödinger’s equation for the evolution of the Floquet sta
of the two-level system is given by

i S ċ1

ċ2
D 5S W1

Vn

2

Vn

2
W22nv rf

D S c1

c2
D , ~3.3!
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where the energies,W1 andW2 are defined in Eq.~1.1! and
W2-nv rf is the energy of then,3 state, shifted downward b
the energy ofn photons. The off-diagonal matrix element
given by Eq.~1.2!. The eigenvalues of the Hamiltonian o
Eq. ~3.3! are plotted as a function of frequency in Fig. 6 f
the example case of the four-photon crossing forn522.

Use of the dynamic Floquet model requires that the
frequency be much greater than the Rabi rate,v r f @Vo . It
further requires that the frequency excursions be small c
pared to the rf frequencynDv!v rf , so that only a single
multiphoton resonance contributes to the population trans
Also, the dynamic Floquet theory breaks down if some of
characteristics of the pulse~amplitude, frequency, phase!
change on a time scale fast compared to the rf frequency
interesting question is whether the chirped pulses we cre
with frequency sweep times of only a few cycles, enter
regime where the dynamic Floquet theory fails to descr
the result.

In a very weak rf field these two Floquet states nea
cross at the resonance frequency, and sweeping the rf
quency through the resonance transfers very little populat
On the other hand if the Rabi rate is large, the avoided cro
ing will be significant. For slowly changing rf frequencie
an atom initially in the lower-level atom will adiabaticall
follow the lower state as the frequency increases, with al
the population transferring from the (n12)s state to then,3
state.

For all chirps and avoided crossing sizes the fraction
the population transferred to the upper level can be de
mined by calculating the evolution of Eq.~3.3!. However, for
linear chirps, the population transfer calculated from E
~3.3! is the well-known result of Landau and Zener@33,34#.
In this case, the probability of making a transition Ptrans be-
tween the upper and lower states is given by

Ptrans512expS 2
p

2

Vn
2

nv̇ rf
D 512e2~p/2!Aeff. ~3.4!

FIG. 6. Floquet energies of the 24s and 22,3 states as a functio
of rf frequency near the four-photon resonance at 750 MHz. T
figure was calculated forErf54 V/cm, corresponding to a multi-
photon Rabi rate of 40 MHz. For frequencies far from resonance
energy levels are identifiable with the dressed diabatic states,
near the avoided crossing the states are strongly mixed.
4-6
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The transition probability given here depends exponenti
on the effective area of the pulse, defined in Eq.~3.1!. For
small values ofAeff this gives the same answer as Eq.~3.2!.

In order to compare the data to the Landau-Zener pre
tions of the adiabatic Floquet model we fit the data to
form of Eq. ~3.4! to determine the multiphoton Rabi rate
The equations for these Rabi rates are well established
direct measurement@16,28,35# as was done in Fig. 3. In ad
dition to the Rabi rates the fits also included two other
rameters, a baseline offset and a scale factor to allow c
version between the electron signal and transit
probability. Errors in the Rabi rate were assigned by p
forming several experiments at each rf power level.

Many such data sets were acquired for different values
the rf field strength, for different photon order, and for d
ferent principal quantum number. Data for the four phot
24s to 22,3 transition is summarized in Fig. 7 along with t
theoretically predicted value of the Rabi rate given by E
~1.2!. Agreement is quite good, showing that the Landa
Zener formula does a good job of predicting populati
transfer for these multiphoton transitions.

We have also looked at different order processes and
tracted Rabi rates for the 2, 3, 4, and 5 photon transiti
between the 21s and 19,3 states are shown in Fig. 8. Al
shown in Fig. 8 is the theoretically predicted values of t
Rabi rates for the different photon orders as predicted by

FIG. 7. Multiphoton Rabi frequencyVn/2p as a function of rf
amplitude for the four-photon transition between 24s and 22,3. The
rates were extracted from scans like those in Fig. 5 and are c
pared to the theoretical values of Eq.~1.2!.

FIG. 8. Multiphoton Rabi frequencyVn/2p determined from
the Landau-Zener model as a function of rf amplitude for transiti
of a variety of different photon orders. The data for these Rabi r
are for transitions between the 21s and 19,3 states. The solid line
are calculated from Eq.~1.2!.
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~1.2!. Again, agreement between the Landau-Zener pre
tions and the measured transition probabilities is quite go

For the 21s to 19,3 transition we are unable to see t
maximum in the Bessel function dependence of Eq.~1.2!.
The limits on the fastest frequency sweeps that we
achieve in the apparatus limit us to a maximum Rabi rate
can be measured. In order to fit the data to a meanin
Landau-Zener curve, the population transfer must cha
significantly over the range of chirps available. We can e
mate the maximum Rabi rate that we can measure by req
ing that at least the population in the final state vary from
to 1/2 or from 1/2 to 1. This sets the maximum measura
value ofVn as

~Vn! lim5A4n ln~2!

2pa
. ~3.5!

In practice this equation has given a good estimate of
range of Rabi frequencies that we can measure: fr
4An MHz to 25An MHz.

Despite the agreement between theory and experim
there are several features of the experiment that could a
the use of the Landau-Zener model of the data. We add
these below. First, the fastest chirps produces shifts in
energy levels that do not sweep linearly with time, as w
assumed in the derivation of Eq.~3.4!. Rubbmarket al. @36#
did extensive calculations of corrections to the Landau-Ze
formula, showing that as long as the total multiphoton f
quency excursionnDv is much greater than the avoide
crossing size, there is only a small difference between
Landau-Zener prediction and the actual population trans
In a related analytical calculation McIlrathet al. @37# consid-
ered both the linear and quadratic terms in the rate of cha
in the states’ energies. They showed that the linear term
the Landau-Zener model dominates the behavior even w
the curvature is significant.

As discussed by Vrijenet al. @23# in order for the Landau-
Zener approximation to be used, there is a second crite
that must be met, namely, that the coupling between
states is negligible far from resonance. Vrijenet al. showed
that, for high-order multiphoton processes that were shif
through resonance by the ac Stark shift, this second crite
does not hold for high-order processes. If the Rabi rate gro
faster than the detuning, the off-resonance coupling can
large enough that there is significant transition probability
from resonance, leading to disagreement with the predicti
of Eq. ~3.4!. In our experiment the use of Eq.~3.4! is predi-
cated on the fact that the detuningnD at the beginning and
the end of the pulse is significantly greater than the ma
mum Rabi rate.

Finally, in addition to the small deviations from linea
chirp near the resonance, Eq.~1.2! shows that the Rabi rate
changes as the rf frequency is swept through resonance
order to use the Landau-Zener model, we have treated
Rabi rate as a constant.Vn varies with frequency asVn /v rf ,
and the variation is quite small across the values ofv rf for
which the states are strongly interacting. Further, the
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proximation agrees when compared with direct numeri
integration of Schro¨dinger’s equation for the system withou
using the Floquet model.

As mentioned above, the data in Fig. 5 show small os
lations in the population transfer in addition to the over
Landau-Zener behavior. We attribute these to a combina
of two causes: resonances that are not centered exactly i
middle of the frequency sweep combined with the fast tu
on of the rf pulse. If the atoms are closer to resonance
either the beginning or the end of the pulse there can b
significant amplitude for Rabi flopping while the pulse is o
resonance. Were the rise time of the rf field strength lon
than its current 3 ns, these Rabi oscillations would be was
out and not be visible. This conjecture is supported by
merical studies of Eq.~3.3!.

IV. CONCLUSIONS

We have presented a study of the interaction of inte
frequency-swept pulses interacting with a two-level ato
The data in Fig. 5 can be compared to experiments done
Rubbmarket al. @36#. In these experiments they measur
g
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the population transfer between two states in a rapidly sl
ing electric field. We are able to tune the size of the avoi
crossing with the strength of the rf field and thus can
both completely diabatic and completely adiabatic behav
This allows the observation of the Landau-Zener curve o
its full range, not just in the limit of adiabatic passage.

By adjusting the amplitude and frequency sweep rate
have been able to compare the results of the experime
the predictions of the dynamical Floquet model, and
Landau-Zener analysis of the frequency swept pulses in
acting with the atoms. We have shown that this model wo
very well in describing the effect of the pulse on the ato
despite the large chirps and the deviations from linearity
the chirp. Understanding such systems is an important ste
developing procedures that control the dynamics of m
complex systems.
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