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Quantum interference in half-cycle microwave multiphoton transitions

C. W. S. Conover and J. H. Rentz
Physics Department, Colby College, Waterville, Maine 04901

~Received 26 September 1996!

We observe microwave multiphoton transitions in Rydberg states of Na using intense subnanosecond half-
cycle electric field pulses in a microwave transmission line. Transition probabilities fromn* s andn* d states,
ranging in principal quantum number from 18 to 40, to nearbyn* l ( l>2) states are measured both as a
function of pulse amplitude and the delay between two identical temporally spaced pulses. The transition rate
depends strongly on both the pulse amplitude and the temporal delay between the two pulses. Nearly 100% of
the population can be transferred for certain amplitudes of the half-cycle pulse. Transition probabilities are
successfully described both with a dynamic Stark model and direct numerical integration of the time-dependent
Schrödinger equation. Ramsey interference between two delayed pulses is observed that shows strong-field
behavior. The two-pulse experiment is a technique for high-order multiphoton spectroscopy without concern
for ac Stark shifts.@S1050-2947~97!05705-3#

PACS number~s!: 32.80.Wr, 32.80.Rm
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I. INTRODUCTION

There continues to be interest in the nonperturbative
namics of both ground-state and Rydberg atoms influen
by strong time-dependent electric fields. Recent experim
and theoretical approaches have made the importance o
herence in multiphoton processes increasingly evident.
herence in nonperturbative dynamics has become an im
tant tool in the manipulation~control! of atomic and
molecular transitions@1#, as well as in cooling and trappin
atoms through adiabatic passage@2#. Typical experiments on
ground-state atoms have been performed using high inten
lasers, while significant efforts have been made in examin
the multiphoton transitions and ionization of Rydberg ato
by electric fields of several different types. Ionization of R
dberg atoms with slowly ramped fields@3–5#, microwave
fields @6,7#, and recently half-cycle THz@8# and GHz@9,10#
pulses of field have all been studied.

We have explored the phase dependence of dynamic
Rydberg atoms driven by intense half-cycle pulses of elec
fields, using both single pulses of varying amplitude a
pairs of time-delayed pulses. With these experiments
hope to address questions of the field required for interm
fold population transfer in nonhydrogenic systems, and
measure the importance of coherence on these popula
transfers, particularly as this relates to microwave ionizati
Previous models of microwave ionization treated the proc
as a sequence of incoherent steps, but recently Gatzkeet al.
@11# have shown for pulses of microwaves with only a fe
cycles that coherence is important in the population trans

In addition, these experiments are closely analogous to
ideal multiphoton ionization experiment, where transie
multiphoton resonances can provide the dominant mec
nism for ionization@12–14#. Coherence between excitatio
on the rising and falling edges of a laser pulse has b
shown to be an important aspect to these processes@15,16#.
The level dynamics in our system are similar to those see
the Floquet picture of multiphoton ionization, but the expe
ments presented below are performed in a nearly unifo
field. For this reason, they do not suffer from the disadv
551050-2947/97/55~5!/3787~10!/$10.00
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tage of averaging over focal volume that makes the meas
ment of coherence effects difficult.

The two-pulse experiments provide a system that is e
to understand with a simple theoretical model. They a
provide a technique for multiphoton spectroscopy without
Stark shifts. Spectroscopic measurements can be made i
range of MHz to THz using 1-GHz bandwidth half-cyc
pulses. These results also give practical information on
importance of phase coherence over the many-cycle pu
of microwaves used in microwave ionization experiments

We observe transitions between Rydberg states in sod
ranging in principal quantum number from 18 to 40 driv
by nearly unipolar impulses of electric field, called half-cyc
pulses~hereafter HCP’s!, with a full width at half-maximum
~FWHM! of 500 ps. In these experiments, the coherent ba
width of the HCP’s is significantly less than the energy lev
spacings at zero field, placing these experiments clearl
the realm of multiphoton transitions. For example, the e
ergy spacing between the 27s and 26 l>3 states is 200
GHz, which corresponds to approximately 400 photons at
central frequency of the HCP spectrum. In addition, the
periments use low enough frequency radiation that the p
amplitude and shape can be fully characterized, avoidin
problem with THz HCP’s@8#.

We compare the results of the experiment to predictio
of a dynamic Stark model and direct integration of t
Schrödinger equation. Many of the features of the data
readily understood using the dynamic Stark~Landau-Zener!
picture of multiphoton transitions, which will be described
Sec. III A. The experiments are also reasonably easy to si
late with direct numerical integration because the numbe
interacting states is moderate. Quantum calculations w
performed using a finite spherical basis; the Hamiltonian m
trix was determined using standard numerical methods@17#
and the known energy levels of the Na atom@18#. The Schro¨-
dinger equation was integrated using the Bulirsh-St
method@19#. For these calculations the HCP pulse shape
modeled as

F1~ t !5F0sin
4S p

t

TD , ~1!
3787 © 1997 The American Physical Society
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3788 55C. W. S. CONOVER AND J. H. RENTZ
whereT is the full width of the field pulse andF0 is the peak
amplitude. For the numerical calculations a pulse in the fo
of Eq. ~1! with T51.30 ns matches the shape and width
the pulse measured in the laboratory.

Previously Lankhuijzen and Noordam@9# have directly
observed this type of multiphoton transition between R
berg states in Rb, using HCP’s with nanosecond time sca
They saw that for 140-ps-wide pulses, population trans
takes place at the manifold mixing field 1/3n5, independent
of the initial state@9#. For 9-ns-wide HCP’s they were able t
compare their results to numerical calculations of the tra
tion probability for a digitized HCP. In both regimes of the
experiments, the population transfer was never compl
The experiments presented below provide a second sy
on which to study these multiphoton transitions in a regi
where the population transfer can be nearly 100% w
driven by a single HCP.

In the following sections we present a description of t
experimental arrangement, a summary of the results for b
the thresholds for population transfer and the quantum in
ference in both single- and double-pulse experiments, a
cussion of the dynamic Stark model of the multiphoton tra
sitions, and our conclusions.

II. EXPERIMENT

We observe microwave HCP driven transitions in Ry
berg states of Na in a molecular beam. A thermal beam of
atoms from a resistively heated oven is created in a vacu
chamber with a background pressure of about
31027 Torr. The beam passes through the center of a p
allel plate transmission line, shown schematically in Fig.
The Na atoms are excited first from the 3s1/2 to the 3p1/2

FIG. 1. Main features of the experimental apparatus showing
pulse delay scheme, parallel plate transmission line, atomic so
and microchannel plate detectors. The atomic and laser beam
antiparallel with the laser polarization in the vertical direction. T
transmission line is constructed of brass with SMA connectors
100-pF microwave capacitors used to couple the HCP onto the
while isolating the bottom plate from ground to allow a sta
selective field ionization pulse to be applied. Several 0.7-mm h
drilled in the top plate of the transmission line allow electrons fro
the ionized atoms to reach the detector. Inset: the shape o
HCP used in the experiment.
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state and then to selected Rydbergn* s1/2 or n* d3/2 states
with umj u5

1
2 by two home-built pulsed dye lasers pump

by the harmonics of a Nd:YAG~yttrium aluminum garnet!
laser. A particularn* s or n* d state can be selected b
changing the color of the second~blue! dye laser. About 100
ns after the Na atoms are excited by the two dye lasers
HCP or a pair of HCP’s are incident on the Rydberg atom
Then, 200 ns after the HCP’s, there is slow~2 ms! high-
voltage ramp~peak field 8.0 kV/cm! applied to the ground
side of the transmission line that ionizes any Rydberg sta
in the interaction region.

The transmission line is constructed of brass plates 3
cm wide, spaced by 0.508 cm and 30 cm long. The line
a nominal impedance of 50V. The transmission line is
coupled to coaxial cables on each end using a standard S
connector as shown in Fig. 1, with the ground plate coup
via 100-pF microwave capacitors~American Technical Ce-
ramics ATC-100!. The capacitors allow the application of
high-voltage ramp to the ground side of the transmission
for state-selective field ionization. Care was taken to mi
mize the reflection of the HCP at the interface between
coaxial lines and the parallel-plate transmission line. T
amplitude of the reflected pulse is measured by time-dom
reflectrometry to be less than 7% of the pulse amplitu
This corresponds to a voltage standing wave ratio of l
than 1.25. The length of the transmission line delays a
reflection of the HCP at the SMA connectors until after t
main pulse is past.

To reduce any state mixing by magnetic fields, the las
are fired synchronously with the zero crossings of the l
voltage. In addition, the transmission line is surrounded
an open-ended rectangular box constructed of mu-m
~Eagle Magnetic AAA! that is 2.5 in.2 and 15 in. long. The
interaction region is also placed at the center of a pair
Helmholtz coils that are oriented vertically, which elimina
the majority of the earth’s magnetic field in the interacti
region. These precautions reduce the magnetic field in
interaction region to less than 0.1 G.

The HCP’s are produced with an Avtech Electrosyste
AVH-HV1 impulse generator, which produces 100-V puls
with a 500-ps FWHM. The output voltage of the pulser c
be set using a control voltage provided by a comput
controlled digital-to-analog converter~DAC!. For several of
the experiments the pulse was additionally attenuated u
broadband coaxial attenuators. The pulser can produce u
150-V/cm pulses in the interaction region, with the reducti
due to various losses in the cables and reflection.

Imperfections in the HCP come from two experimen
considerations: field homogeneity and imperfections in
unipolarity of the HCP. Based on ramped field ionizati
curves of individual Rydberg states, the field homogeneity
the interaction region is estimated to be better than 1%. T
homogeneity is important to observe interference effe
since relative phases depend on the energy differences in
HCP field. The capacitors used to isolate the coaxial ca
from the high-voltage field ionization pulse form a high-pa
filter with the termination resistor that has a 3 dBfrequency
of 30 MHz, which gives a small, long, and negative tail
the pulse. This, along with the reflection of the pulse fro
the end of the transmission line, which is inverted, mea
that the pulse is not an ideal HCP.

e
ce,
are

d
e
-
s

he



t
a
a
re
o
ro
ra
a
s
h
a

nt
th

hi
n
th
o
a
re

te
he

a
th
la

ls
re

pe
m

ve
h

ar
e
o
m

fe
m
n
ric
ro
ita
ex
.
n
s
tro

ingle
at

a
l.
nt
of
n in
h a
-dB

ses
um
the
.
ing
inty
a-
ate
eak
r.
or-
se

ons
l

er-
in
.

k
ated

55 3789QUANTUM INTERFERENCE IN HALF-CYCLE . . .
The bottom plate of the transmission line is connected
a slowly ramped pulse from a trigger transformer circuit th
can be used to selectively field ionize the atoms. Since e
Rydberg state ionizes at a characteristic field and therefo
different times during the voltage ramp, the time of arrival
the electrons can be used to distinguish their state. Elect
produced by field ionization pass through one of seve
0.7-mm holes in the top plate of the transmission line and
detected by microchannel plates. The microchannel plate
nal is amplified and averaged in a boxcar integrator. T
output of the boxcar integrator is read by a DAC and the d
are transferred to a computer.

The detection scheme is highly selective for low-l states,
but high-l states precess in the residual magnetic field i
high-m states so that they are ionized diabatically by
ramped field. Because of the manym levels and the large
numbers of small avoided crossings between states at
fields, it is very difficult to selectivity detect the populatio
of the high-l states. For the most part we have measured
population in the initial state only and used the ionization
all atoms as a normalization. This careful normalization
lows direct comparison with the population transfer p
dicted by numerical methods.

III. DATA

The data from two different experiments are presen
below. In the first experiment, described in Sec. III A, t
population transfer from initialn* s andn* d states to high-
l states is measured as a function of peak electric field in
HCP. In the second experiment, discussed in Sec. III B,
population transfer is measured as function of the time de
between two HCP’s.

A. Single HCP experiments

In the experiments described in this section the pu
splitting and combining apparatus shown in Fig. 1 was
moved and the transmission line was directly connected
the HCP generator. The single pulse experiments were
formed onn* d states over the range of principal quantu
numbers from 18 to 40. The experiments on then* s states,
due to the larger HCP fields required, were performed o
the range of principal quantum numbers from 26 to 40. T
qualitative features of then* d andn* s population transfer
as a function of field are discussed first, a dynamic St
picture of the multiphoton transitions is developed, and th
the locations of thresholds for transitions and maxima
transition probability as a function of the principal quantu
number are examined.

Figures 2 and 3 show typical results of population trans
versus HCP amplitude for a range of principal quantum nu
bers. In these figures, the experimental data are show
discrete points and the solid lines are the results of nume
simulations based on the direct integration of the Sch¨-
dinger equation. The numerical simulations are in quant
tive agreement with the experimental results within the
perimental uncertainty in the pulse amplitude. Both Figs
and 3 show that nearly 100% of the population can be tra
ferred out of the initial state for certain pulse amplitude
This shows that HCP’s can be of significant use in con
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schemes. However, in these experiments there is not a s
‘‘target’’ state to which the population is transferred; th
would require a sequence of HCP’s.

The output of the AVH-HV1 is not calibrated, nor is it
linear function of the voltage input to its amplitude contro
The HCP amplitudes were calibrated with two differe
methods. To calibrate the HCP amplitude in our scans
population transfer versus amplitude such as those show
Figs. 2 and 3, the amplitude of the HCP is measured wit
sampling oscilloscope. The pulse is observed using a 20
pulse coupler~Picosecond Pulse Labs Model 5520 C! before
it enters the vacuum chamber, and again after it pas
through the transmission line and again leaves the vacu
chamber. This method also gives a good measure of
pulse shape given in Eq.~1! and shown as an inset in Fig. 1
The uncertainties associated with this method of calibrat
the amplitude of the pulse result in an estimated uncerta
of 5% in the pulse amplitude. To further confirm the calibr
tion we apply several dc offset voltages to the bottom pl
of the transmission line and observed the change in the p
HCP field required for the onset of the population transfe

Population transfer between fine structure levels is imp
tant in then* d experiments, but is not displayed in the
figures. Both then* d3/2 andn* d5/2 populations were added
together for the data presented in Fig. 2. The calculati
were performed using thej basis and for the theoretica
curves in Fig. 2, then* d3/2 and n* d5/2 populations were
added as in the experiment. Calculations were also p
formed in thel basis, and they agree with the calculations
the j basis if theml50 andml51 calculations are averaged

FIG. 2. Experimental~s! and computed curves~solid lines! of
population in the~a! 21d, ~b! 25d, and~c! 29d states versus pea
amplitude after a single HCP. The computed curves were calcul
using Schro¨dinger’s equation on a limited basis.
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3790 55C. W. S. CONOVER AND J. H. RENTZ
While both sets of data show similar behavior, exhibiti
‘‘thresholds’’ for population transfer and several maxim
and minima in the population transfer, there are qualitat
differences aside from the voltage scale that should be
ticed. Then* d population versus HCP field is a smoo
curve exhibiting several regularly spaced minima. T
‘‘thresholds’’ for population transfer are not sharp. Th
minima in the remaining population decrease in amplitu
indicating more population transfer out of the initial states
a function of peak HCP field. It should be noticed that
three curves in Fig. 2 are plotted on the same horizontal s
and that the features do not change rapidly with princi
quantum number. Deviations from the theoretical curves
high HCP fields could be due to the fact that at these p
fields the 7% reflection of the HCP is large enough to dr
transitions between all of the states.

Then* s population, seen in Fig. 3, is a much less regu
function of peak HCP field. The ‘‘thresholds’’ for populatio
transfer are much sharper, with thes-state population de
creasing rapidly as a function of HCP voltage. The spac
between individual minima is also not as regular, nor do
minima decrease monotonically in size with HCP amplitu
The data in Figs. 3~a!–3~c! are graphed on different scale
due to the rapid changes of the features with principal qu
tum number. Unlike in then* d experiments then* s state
population is not disturbed by the reflected pulse even at
largest amplitudes studied because of the large threshold
population transfer.

Aside from the direct numerical integration of Schro¨d-
inger’s equation, the features in the data and the differen

FIG. 3. Experimental~s! and computed curves~solid lines! of
population in the~a! 29s, ~b! 34s, and ~c! 36s states versus pea
amplitude after a single HCP. The computed curves were calcul
using Schro¨dinger’s equation on a limited basis.
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between the data presented in Figs. 2 and 3 can be un
stood using a Landau-Zener model. Figure 4~a! shows an
energy level diagram and the electric-field dependence
typical set of Rydberg states nearn528 with uml u50. Figure
4~b! shows a picture of these energy levels as a function
time during a 500-ps HCP. This dynamic Stark picture w
illustrate the origin of the ‘‘thresholds’’ for population trans
fer and the role of coherence in the multiphoton transitio
using transitions between the 29s state and then528 l>2
states as an example.

Initially, only the 29s state is populated. Then528 l
>2 states shift their energies in the HCP field, so that sev
of them become degenerate with the state adiabatically c
nected to the 29s state at different times during the puls
The states mix and do not cross, but rather form an avoi
crossing that is traversed on both the rising and falling ed
of the HCP, during which Landau-Zener transitions are ma
between two states. In a two-state Landau-Zener model,
population transfer between two states at an avoided cros
depends on both the avoided crossing sizeV i j between the
two states and the time rate of change of the uncoupled
ergies,

v̇ i j5
d

dt
~Wi2Wj !5

dWi j

dF

dF

dt
, ~2!

in the vicinity of the crossing. As shown explicitly in Eq.~2!,
v̇ i j depends on two independent quantities, the rate

ed FIG. 4. ~a! Energy level diagram versus electric field for N
near the 29s state and~b! a dynamic picture of the same state
versus time in a microwave half-cycle pulse with a peak field of 1
V/cm and 500 ps FWHM.
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55 3791QUANTUM INTERFERENCE IN HALF-CYCLE . . .
change of the energy levels with the field,dWi j /dF, and
also on the rate of change of the field with time,dF/dt;
these two quantities can independently affect the transi
probability. The diabatic transition probability is given b
@20#

Pdiab5e22pG i j , ~3!

where

G i j5
V i j

2

4v̇ i j
. ~4!

Equation~3! is only exact for constantv̇ i j , but the expres-
sion has been extended by McIlrathet al. @21# to include
higher-order terms, for times when the slew rate is chang
The simple expression is, however, adequate for discus
of the data.

Each Landau-Zener transition creates a coherent supe
sition of the different states, which then evolve at differe
frequencies. Between the avoided crossings in Fig. 4~b!, the
different states accumulate a relative dynamical phase

DF i j5
1

\ E
t1

t2
DEi j ~ t !dt, ~5!

where t1 and t2 are the times at the avoided crossings a
DEi j is the energy difference between the two states. T
phase is the area in Fig. 4~b! bounded by any two energ
levels and the avoided crossings.

Gatzke, Watkins, and Gallagher@22# have shown that for
two symmetric avoided crossings, such as shown in F
4~b!, whereG i j is the same for both the rising edge and t
falling edge of the pulse, that for a two-state problem,
probability of ending in the initial state after a HCP is

Pi512@4Pdiab~12Pdiab!#sin
2S DF

2 D . ~6!

The second term in Eq.~6! is a product of two factors, the
first factor ~in square brackets! is the result of the Landau
Zener model without considering coherence. The incohe
theory predicts a maximum transition probability wh
Pdiab50.5. This factor describes the origin of the ‘‘thres
olds’’ of population transfer seen in Figs. 2 and 3. There w
be an onset of population transfer between the 29s state and
the l>2 states when the amplitude of the HCP equals
field of the static-field avoided crossing. The actual amo
of population transferred will depend on the size of t
avoided crossing andv̇ i j near the crossings. For larg
avoided crossings or smalldW/dF there can be significan
population transfer only for rapid slew rates,dF/dt, which
occur in the middle of the HCP’s rise and fall. For sm
avoided crossings or largedW/dF, there can only be signifi-
cant population transfer for low slew rates, which occur n
the peak of the pulse. In the intermediate regime large po
lation transfers can occur during any part of the HCP.

For the principal quantum numbers studied, the sizes
the avoided crossings between then* d and the manifold
state, which it first intersects, ranges from about 5 GHz at
lowest quantum numbers studied to about 0.25 GHz an
540. For then* s states the comparable avoided crossin
n

g.
on

o-
t

d
is

.

e

nt

l

e
t

l

r
u-

of

e

s

range from 7 GHz at principal quantum number of 27 to
GHz atn540. Determining these avoided crossing sizes p
turbatively with the method of Komarov, Grozdanov, a
Janev@23# is difficult because they arise from the crossin
of states isolated from the high-l states. Instead, the size
were determined by numerically diagonalizing the Sta
Hamiltonian using the method of Zimmermanet al. @17# The
avoided crossings in both sets of states are comparab
size to the bandwidth of the HCP. Using this knowled
about the states and the model summarized in Eq.~6!, the
differences in the behavior of the thresholds between
n* s andn* d data will be discussed.

A summary of the ‘‘thresholds’’ for multiphoton transi
tions are shown in Fig. 5, which is a plot of the measur
peak HCP fields at the first maximum in population trans
to the high-l states from the initially populated states~h! and
the peak HCP fields required to transfer 10% of the popu
tion in that first maximum~s!. Also shown are the theoret
ical lines, determined from simple hydrogenic scaling law
showing the static field of the first avoided crossing of t
n* d and n* s states with the manifold~solid lines!. Figure
5~a! also shows the field where then and n21 manifolds
mix ~dashed line!. Because population is redistributed
many l>2 states in these experiments and it is difficult
measure each state’s population, Figs. 2 and 3 display
population of the initial states. However, for ‘‘threshold
measurements in the low-n states, where the populatio
transfer within a single pulse is small, the high-l state popu-
lation is much less susceptible to noise from laser or ato

FIG. 5. Experimental and theoretical~solid lines! field values
required for population transfer for initially populateds andd states
as a function ofn* . Field required for the first maxima in popula
tion transfer~h! and for 10% of the first maxima~s! in the popu-
lation transfer out of the~a! n* s states and~b! n* d states. The
theoretical curves are based on the location of the initial avoi
crossings in a static field as shown in Fig. 4~a!.



fo

er

a
ng
fe
.
in
la

tly
-

rs
er
s

-
-
ilit
he
e

th
a-

nd
e
he
t

th

he
e
.
a
is
ho
ul

-

ls
rl
he
a

t
ss
te
a
rs

d
at
lla
r

en
lated
ing.
e
en
de.
-

ed

and

ly
sing
ig.
elds
nd

t the
r;
ning
x-
g.

he
the
aks
d in
gs
i-
the
tra-
nce
fold
two-

ed

ided
ffer-
ulse
in-
ple

nd
rst

er-

u-
n the

he
se
rom

3792 55C. W. S. CONOVER AND J. H. RENTZ
beam fluctuations than the initial state population, and
these measurements the high-l state population was used.

In Fig. 5~a!, the thresholds for 10% population transf
are at the crossing of then* s state with the manifold: sig-
nificantly below then-state mixing field. The threshold dat
scales at 1/n5 as would be expected from the simple scali
law. The first maximum is very close to the 10% trans
field, which demonstrates that the thresholds are sharp
higher principal quantum number, as the avoided cross
get smaller, the location of the first maximum in the popu
tion transfer moves relatively higher in voltage. In Fig. 5~b!
the thresholds for then* d states are seen to be significan
above the crossing field at lown, moving closer to the cross
ing field at highn. The data scale as 1/n5.5, which also
agrees with the simple scaling law. The field of the fi
maxima in Fig. 5~b! is much larger than the 10% transf
field, demonstrating that then* d thresholds are much les
sharp than then* s thresholds.

Despite the fact that then* s avoided crossings are com
parable in size to those in then* d experiments, the thresh
olds are much sharper. The diabatic transition probab
defined in Eq.~3! demonstrates why. Despite the fact that t
HCP is identical,dW/dF is much greater in the case of th
n* s states, which leads to a significantly smallerG i j . So,
for the n* s states, even with the small slew rates near
peak of the pulse,Pdiab can be large and a large popul
tion can be transferred to the high-l states. For then* d
states,dW/dF is quite small at the avoided crossings, a
the slew rate of the field,dF/dt, must become large for ther
to be significant population transfer. The deviation of t
low-n n* d ‘‘thresholds’’ from the simple scaling argumen
is likewise due to the small value ofdW/dF for the n* d
states: there is a very small transition probability when
peak field of the HCP just equals the crossing field.

Lankhuijzen and Noordam@9# showed that for 140 ps
FWHM pulses the 10% population transfer in Rb over t
rangen*525–40 fors, p, and d states took place at th
field 1/3n5: the static field required for manifold mixing
Since this is the threshold field found in microwave ioniz
tion of nonhydrogenic atoms, it is surprising that the field
so consistent, independent of the initial states. Our data s
that this consistency is merely a consequence of the p
width and the atom chosen, where thep and d states are
roughly midway between the two sets of high-l states. In Rb,
none of the three lowestl states mix strongly with the mani
fold states~the avoided crossings are small! until the electric
field reaches the manifold mixing regime. For the two pu
widths that they chose, they worked in either the nea
purely adiabatic or nearly purely diabatic regime for t
crossings of the isolated states with the manifold. In N
where thep andd states are close to the high-l states, there
is a strong mixing of thes, d, andp states when they firs
intersect the manifold, which is at a field significantly le
than the manifold mixing field. In the experiment presen
here, the peak HCP fields required to drive transitions
roughly equal to the static fields required to reach the fi
avoided crossing with the manifold, not at 1/3n5.

One of the striking features of the data from Figs. 2 an
is that there are several relative minima in the initial-st
population as a function of the peak HCP field. The osci
tions in the data derive from the phase-dependent facto
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Eq. ~6!, which shows that the population transfer betwe
states depends on the relative phase of the states accumu
between multiple traversals of the same avoided cross
Because of this term Stu¨ckelberg oscillations appear in th
population transfer if either the energies or times betwe
crossings are altered: both change with the HCP amplitu

The shape of then* d data with HCP voltage is well de
scribed by the Landau-Zener model. For the lowestn states,
such as the data shown in Figs. 2~a! and 2~b!, then* d states
have a small likelihood of population transfer at the avoid
crossing because of the very smalldW/dF at the crossings.
Thus the experiment is nearly an ideal two-state problem
the populations show the 12sin2(DF/2) behavior expected
from Eq. ~6!. The amplitude of the modulation general
increases with peak HCP field as is expected from increa
Pdiab. For higher principal quantum number as seen in F
2~c! or larger slew rate as seen at the highest peak HCP fi
in Fig. 2~b! the individual crossings are more diabatic a
more than two states are involved. For then* d experiments,
the avoided crossings are spaced so closely together tha
individual Stückelberg oscillations overlap with each othe
individual peaks are not seen and the result is a broade
out of the minima in the final population from the form e
pected in Eq.~6!. This broadening is clearly observed in Fi
2.

Figure 3~a!, which has the largest avoided crossings of t
data shown, shows that at low-peak HCP field, just above
threshold for population transfer, there is a set of three pe
which are regularly spaced. These peaks are not space
field with the locations of the multiple avoided crossin
seen in Fig. 4~a!. They are much more widely spaced ind
cating that they are also due to interference effects. As
peak HCP field increases the first avoided crossing is
versed more diabatically and a second series of interfere
peaks due to population transfer into more than one mani
state arises. The experiment progresses from a nearly
state problem for the low-peak field case of Fig. 3~a! to the
case in Fig. 3~c! where there are clearly many closely spac
peaks due to the nearly diabatic crossings of then* s state
with many manifold states. Unlike in then* d data, the indi-
vidual peaks are resolvable in this case because the avo
crossings are spaced farther apart. The minima due to di
ent avoided crossings show a regular progression as the p
amplitude increases. However, because all the pathways
terfere at large principal quantum number there is no sim
progression in the data.

In all of the data presented in Fig. 3, the experiments a
calculations run in peak HCP voltage from below the fi
static-field crossing of then* s state with the manifold to
above the manifold mixing region at 1/3n5. The results of
the numerical simulations displayed in Fig. 3 were p
formed in thel basis foruml u50 states using only thes state,
the two nearestp states, and the nearest set of high-l states.
Comparable calculations were done in thej basis and also
using several adjacent sets of high-l states. Neither of these
calculations showed any significant deviation from the sim
lations presented. The fact that there is no dependence o
difference between thel basis and thej basis is due to the
fact that the spin-orbit coupling is much smaller than t
HCP bandwidth, indicating that there is no mixing of the
states during the HCP. The independence of the results f
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interaction with the adjacent manifolds is less easy to und
stand. It seems that when the pulse amplitude becomes
enough to reach 1/3n5, that the avoided crossings are a
traversed nearly diabatically so that very little populati
reaches the avoided crossings at the manifold mixing fie

For then* d states it is possible to obtain a closed for
expression for the phase defined in Eq.~5! with a few ap-
proximations in order to explore the coherence effects w
the dynamic Stark model. If it is assumed that the ene
levels are nearly hydrogenic, then the energy level differe
in a field is given by 3nF and if the crossings are at zero~or
small! field, then the integral of Eq.~5! can be carried out in
closed form using pulse shape given in Eq.~1!. This integral
gives the resultDF59nF0T/8, wheren is the principal
quantum number. IfDF52pm, wherem is any integer,
there will be constructive interference in the populati
transfer, giving rise to a minima in the initial-state popu
tion of Eq. ~6!. The above assumptions about the ene
levels, pulse shape, and crossing locations determine tha
peak field for the minima are

F05
16mp

9nT
. ~7!

In Fig. 6 the fields at the first three maxima~discrete
points! are plotted as well as the curve defined by Eq.~7! for
m51, 2, 3. The agreement is good, with the data falli
close to the lines, particularly at lown. The measured scal
ing of the different curves isn21.5 to n21.7, while the simple
model predicts a scaling ofn21. For then* s states, such a
simple scaling argument is not possible, and the location
the minima are only modeled successfully by the direct in
gration of the time-dependent Schro¨dinger equation.

These experiments show that within a single half-cycle
the field, that coherence must be taken into account. Ov
wide range of avoided crossing size relative to the field f
quency, the largest population transfer takes place w
there is constructive interference between the two cross
and Pdiab'

1
2. We have shown that for properly chose

pulses, nearly 100% of the population can be redistribute

B. Two HCP experiments

The data in Sec. III A have demonstrated that there
significant coherence effects in population redistribut

FIG. 6. Experimental~s! and theoretical field values fo
maxima in the population transfer between the initialn* d state and
the l>3 states. The theoretical curves are based on a simple sc
argument about the quantum-mechanical phase of the states a
beginning and end of a pulse.
r-
rge

.

h
y
e

-
y
the

of
-

f
a
-
n
gs

.

re

within a single HCP. The Landau-Zener picture gives insig
into the data and good agreement with the data for part
larly simple cases. However, numerical integration is
quired to understand the situations where several states
involved andPdiab is large, since a change in the pulse a
plitude implicitly alters bothDF andPdiab. A second experi-
ment, which demonstrates the interference effect in a w
that is much more straightforward to measure, involves
plying a time-delayed pair of HCP’s to the atoms. The
experiments provide a direct measurement of the cohere
of the redistribution process that is easily compared
theory.

With two HCP’s, the population redistributed by a sing
HCP remains coherent at the end of the first pulse, and th
is a well-defined phase difference between the popula
states after the pulse. The phase of each state depends
energy and evolves freely between two pulses. If a sec
HCP is incident on the atoms, population is again redistr
uted, and the final population depends both on the shape
amplitudes of the two pulses and the relative phase of
different states when the second pulse starts. The two-p
field seen by the atoms can be expressed as

F2~ t !5F1~ t !1F1~ t2t!, ~8!

whereF1 is defined in Eq.~1!, and t is the relative time
delay between the two pulses. In a two-pulse experim
there are four avoided crossings like those seen in Fig. 4~b!
which must be traversed, but the time between the pair
each pulse are readily changed without affecting any ot
parameters of the population transfer. The relative phase
cumulated between two states in the time interval betw
the initial and final crossings are

DF i j5
DWij

\
t2f i j , ~9!

whereDWij is the zero-field energy level spacings, andf i j
is a constant phase that depends on the pulse shape an
plitude. This allows the ready observation of coherence
the redistributed population using an interferometric te
nique.

In addition to measuring the coherence of the redistri
tion process, this interferometric technique is a powerful t
for spectroscopy in the range of MHz to THz. The Four
transform of the interferogram determines the frequency
tervals between states populated by the HCP’s. The ba
width available for spectroscopic measurements is order
magnitude larger than the bandwidth of the pulses becaus
the high-order multiphoton nature of the transitions. Ess
tially we are using Stark shifts, which are usually a sign
cant source of uncertainty in multiphoton spectroscopy,
our advantage. The highest frequency intervals that can
measured are only limited by the amplitude of the HCP
required to drive the transitions and stability of the pu
delay. Since the phases of Eq.~9! depend only on the relative
pulse delay and the field free energies, the spectrosc
measurement is free from ac Stark shifts. The freque
resolution is only limited by the longest time delay availab
between the two pulses.

For weak-field interferometry, where the population tran
fer is described by first-order perturbation theory, the po

ing
the
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3794 55C. W. S. CONOVER AND J. H. RENTZ
lation of each state will be modulated with the frequencies
the states that it interacts with. For nonperturbative HCP
which are inherently used in these experiments, Joneset al.
have demonstrated that the interferogram from a sin
bound state contains information about all bound lev
populated during the HCP@24#. This means that the initia
state should contain the frequency differences between a
the states that are populated by the HCP’s.

Since the population transfers in the delayed-pulse exp
ments are strongly dependent on relative phase, and sinc
atomic frequencies are large compared to the HCP
quency, there must be good phase stability between the
HCP’s. The phase jitter between the two pulses must be
nificantly less than the highest zero-field frequency diff
ences, which are from 10 to 100 GHz for the states stud
For 100-GHz frequency differences a shot-to-shot jitter o
ps in time delay, which cannot be achieved electronically
required. In order to create the two pulses, an arrangem
similar to a Mach-Zehnder interferometer using coaxial m
crowave components, shown schematically in Fig. 1, w
used.

Time delays between two pulses are generated by
splitting a single HCP using a Avtech Electrosystems AV
SP-3 pulse power splitter. One of the pulses travels throu
variable delay and the the two pulses are then recombine
an Avtech Electrosystems AVX-CP-1 pulse combiner. T
variable delay is made with a trombone line~General Radio
847LTL! attached to a translation stage driven with a s
chronous motor. With this scheme the relative delay betw
two pulses can be scanned by up to 1.4 ns with sub-ps p
stability. We increased the relative pulse delay by add
sections of low-loss coaxial cable to the leg of the interf
ometer containing the trombone line, allowing observation
the coherence as a function of delay over times longer t
seen with the trombone line alone. This technique has
lowed measurements of coherence for delays up to 20
The translation stage is accurate to 0.25 mm over the
length, corresponding to an uncertainty of about 1 ps in
total delay. Since the trombone line has an air dielect
relative time delays are readily determined from translat
distance. Absolute delays are not so easily determined
can only be determined to within 0.25 ns by measureme
made with a sampling oscilloscope. After the pulse is s
and recombined, the maximum HCP amplitude is 40 V/cm
the interaction region.

In addition to stability in the relative pulse delay, the HC
amplitude stability must be good. The constant factorf i j in
Eq. ~9! depends on the HCP amplitude, and because
phase accumulated between the two pulses is approxim
equal to the phase accumulated during each pulse, sho
shot fluctuations in the HCP amplitude can reduce the in
ference contrast.

Figure 7~a! shows the population in the 22d state as
function of relative pulse delay between 18 and 19.2 ns
HCP’s with amplitudes of 18 V/cm. The absolute time sc
is uncertain to about 0.25 ns, but this is unimportant since
signal is periodic. The modulation has a contrast of ab
10%. Figure 7~b! shows a discrete Fourier transform of th
data, which shows a single peak at 9.5 GHz. This co
sponds to the frequency difference between thed state and
then522 l>3 states. In addition, there is a slow modulati
f
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of the data which, although it is not resolved in the Four
transform, can be identified as an oscillation at the 22f to
l>3 frequency difference of 0.9 GHz.

Figure 8 shows the somewhat more interesting scan of
delay between two pulses that drive transitions from
33s state to the adjacent high-l states. The 33s population
was measured as a function of relative pulse delay fr
about 10 to 11.5 ns for HCP’s with an amplitude of 36 V/c
These data again have a contrast of about 10%. The disc
Fourier transform of the data shows three frequencies.
two high frequencies 68.4 and 71.0 GHz, correspond to
transition frequencies between the 33s state and the 32d state
and the 33s state and then*532 l>2 states. The lowes
frequency, which would not exist if these were perturbat
pulses, is the 32d to n*532 l>2 frequency, 2.6 GHz.

Numerical simulations of the data shown in Figs. 7 and
were performed using the same methods as the simulat
done for the scans of amplitudes shown in Figs. 3 and 4.
theory generally reproduces the data. For then* d states, the
theoretical curves very closely match the experimental on
For then* s states, the Fourier transform of the theoretic
interferograms shows the same frequencies, but with so
what different amplitudes. The contrast in then* s experi-
ments is also lower than predicted by the theory, while
the n* d states the contrast is very closely matched. The
duction in contrast between the numerical simulations a
the experiments is likely due to a combination of field inh
mogeneities within the interaction region and HCP amplitu

FIG. 7. Plots of~a! population in the 22d state as a function of
relative pulse delay between two half-cycle pulses with an am
tude of 18 V/cm and~b! the power spectrum found by taking
discrete Fourier transform of the data in~a!. A single peak appears
corresponding to the frequency between the 22d state and then
522l>3 states. The delay scan is not long enough to resolve
d- f andd–high-l frequencies.
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55 3795QUANTUM INTERFERENCE IN HALF-CYCLE . . .
jitter. It is likely that the deviations between the frequen
spectrum between theory and experiment is due to the
reflected pulse or the long negative tail due to the lo
frequency cutoff of the transmission line. Both of these
fects can transfer population within thel>2 states in the
interval between the two pulses, affecting the measured
terferogram.

These experiments show clearly and directly that the
herence is important in Rydberg-state populations distribu
from n* d andn* s states by microwave HCP’s and that th
coherence persists for delays of up to 20 ns with little sign
damping in their amplitudes during this time delay. Becau
there is no static field present between the two pulses, n
of the states are in the linear Stark regime, where small
homogeneities in the field can cause dephasing over the
ume of the atoms due to slightly different energies. For t
reason we can see coherence for long-time delays betw
the pulses with little damping in their amplitudes.

IV. CONCLUSIONS

We have studied the coherent redistribution of popu
tions between Rydberg states due to half-cycle pulses of
crowave radiation with a coherent bandwidth significan
smaller than the spacing between states, but comparab
the sizes of the avoided crossings between the level-sh
states. This work demonstrates coherence among the r

FIG. 8. Plots of~a! population in the 33s state as a function o
relative pulse delay between two half-cycle pulses with an am
tude of 40 V/cm and~b! the power spectrum found by taking
discrete Fourier transform of the data in~a!. Both the 33s-32d
frequency, the 32d-n532 l>3 frequency, and the 33s-n532 l
>3 frequency appear in the data. The existence of thed–high-l
frequency shows that the results are nonperturbative.
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tribution of many Rydberg states by an HCP. Nearly 100
transfer of population was observed for certain amplitu
HCP’s, showing dramatically that only a few cycles are
quired to bring the onset of microwave ionization and th
coherence effects are very important in these few-cycle
periments@11#.

We have successfully used a Landau-Zener model
includes phase to describe the experiments in which
states are important and to give a qualitative understand
of the population transfer as a function of pulse amplitu
and delay. Numerical integration of the time-depend
Schrödinger equation also quantitatively agrees with the
sults of the experiment. The level dynamics in this expe
ment are closely analogous to ac Stark-shifted multipho
resonances and provide a clean experimental system
which to study nonperturbative dynamics.

In addition to measuring the coherence of the redistri
tion process, we have demonstrated an interferometric te
nique for multiphoton spectroscopy without ac Stark shif
The bandwidth of the spectroscopy is significantly larg
than the bandwidth of the pulses because of the multipho
nature of the transitions. The highest frequencies that ca
measured are only limited by the amplitude of the HCP
required to drive the transitions and the frequency resolu
is only limited by the longest time delay available betwe
the two pulses, which could easily be increased over
range used in this experiment by using several tromb
lines in parallel. This method is also readily usable for low
frequencies, in the MHz to GHz range, with electronica
controlled delays between two pulses. We are currently
ploring ways to make the interferometric technique dem
strated into a viable spectroscopic technique.

HCP’s populate many high-l states, and form angula
wave packets. For short enough pulses, experiments u
n* d states produce distributions of high-l states that are
similar to states that exist in a static field~the parabolic
states!. These wave packets would have a permanent dip
moment in zero field. An interesting application of such
transition would be to create a radial wave packet ofn* d
states and then apply a HCP to drive then* d states into the
superposition state of high-l states with multiple principal
quantum numbers. Such a wave-packet state would be lo
ized in three dimensions. Additionally, the influence of no
on microwave multiphoton transitions and microwave io
ization has been the subject of recent experiments@25–26#. It
would be useful to apply different noise signals between
two HCP’s to perform a more controlled experiment on the
effects. Finally we are looking at the application of seve
microwave HCP’s to place the transferred population int
specified final state.
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