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Quantum interference in half-cycle microwave multiphoton transitions
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We observe microwave multiphoton transitions in Rydberg states of Na using intense subnanosecond half-
cycle electric field pulses in a microwave transmission line. Transition probabilitiesrff@andn* d states,
ranging in principal quantum number from 18 to 40, to neanby (I=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
Schralinger 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|S1050-294@7)05705-3

PACS numbd(s): 32.80.Wr, 32.80.Rm

[. INTRODUCTION tage of averaging over focal volume that makes the measure-
ment of coherence effects difficult.
There continues to be interest in the nonperturbative dy- The two-pulse experiments provide a system that is easy
namics of both ground-state and Rydberg atoms influencetp understand with a simple theoretical model. They also

by strong time-dependent electric fields. Recent experimen%rowde a technique for multiphoton spectroscopy without ac

- : tark shifts. Spectroscopic measurements can be made in the
and theoretical approaches have made the importance of cg- . )
: . . . : range of MHz to THz using 1-GHz bandwidth half-cycle
herence in multiphoton processes increasingly evident. Cq ulses. These results also give practical information on the

herence |n.nonperturb§tlve d_ynam|cs has becomg an Impoﬁ’nportance of phase coherence over the many-cycle pulses
tant tool in the manipulation(contro) of atomic and

. : : .~ of microwaves used in microwave ionization experiments.
molecular transitiongl], as well as in cooling and trapping — \ye gpserve transitions between Rydberg states in sodium,
atoms through adiabatic passd@¢ Typical experiments on  ranging in principal quantum number from 18 to 40 driven
ground-state atoms have been performed using high intensiy, nearly unipolar impulses of electric field, called half-cycle
lasers, while significant efforts have been made in examiningy|ses(hereafter HCP’ with a full width at half-maximum
the multiphoton transitions and ionization of Rydberg atomsFwHM) of 500 ps. In these experiments, the coherent band-
by electric fields of several different types. lonization of Ry- width of the HCP’s is significantly less than the energy level
dberg atoms with slowly ramped field8-5], microwave spacings at zero field, placing these experiments clearly in
fields[6,7], and recently half-cycle THE8] and GHz[9,10]  the realm of multiphoton transitions. For example, the en-
pulses of field have all been studied. ergy spacing between the 27and 261=3 states is 200
We have explored the phase dependence of dynamics @Hz, which corresponds to approximately 400 photons at the
Rydberg atoms driven by intense half-cycle pulses of electrigentral frequency of the HCP spectrum. In addition, the ex-
fields, using both single pulses of varying amplitude andperiments use low enough frequency radiation that the pulse
pairs of time-delayed pulses. With these experiments wemplitude and shape can be fully characterized, avoiding a
hope to address questions of the field required for intermaniproblem with THz HCP’q8].
fold population transfer in nonhydrogenic systems, and to We compare the results of the experiment to predictions
measure the importance of coherence on these populatiasi a dynamic Stark model and direct integration of the
transfers, particularly as this relates to microwave ionizationSchralinger equation. Many of the features of the data are
Previous models of microwave ionization treated the procesgeadily understood using the dynamic Stéklandau-Zener
as a sequence of incoherent steps, but recently Gatzée  picture of multiphoton transitions, which will be described in
[11] have shown for pulses of microwaves with only a few Sec. 11l A. The experiments are also reasonably easy to simu-
cycles that coherence is important in the population transfeniate with direct numerical integration because the number of
In addition, these experiments are closely analogous to ajteracting states is moderate. Quantum calculations were
ideal multiphoton ionization experiment, where transientperformed using a finite spherical basis; the Hamiltonian ma-
multiphoton resonances can provide the dominant mecharix was determined using standard numerical metHdd$
nism for ionization[12—-14. Coherence between excitation and the known energy levels of the Na atfi8]. The Schre
on the rising and falling edges of a laser pulse has beeflinger equation was integrated using the Bulirsh-Stoer
shown to be an important aspect to these procds€e46.  method[19]. For these calculations the HCP pulse shape is
The level dynamics in our system are similar to those seen imodeled as
the Floquet picture of multiphoton ionization, but the experi-
ments presented below are performed in a nearly uniform FL(t)=F sin“(wl )
field. For this reason, they do not suffer from the disadvan- ! 0 T)
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= — Solitter Delay Line state and then to selected Rydberts;,, or n*d;,, states
s T AN with |m;|=3 by two home-built pulsed dye lasers pumped
3 L 0.5 ns HCP by the harmonics of a Nd:YAGyttrium aluminum garnet
E - . Combiner laser. A particularn*s or n*d state can be selected by
05 00 05 changing the color of the secofiolue) dye laser. About 100
Time (ns) ns after the Na atoms are excited by the two dye lasers, an
Signal Out HCP or a pair of HCP’s are incident on the Rydberg atoms.
Na Oven Microchannel Then, 200 ns after the HCP’s, there is sl¢@ us) high-
e— B3 Plates l voltage ramp(peak field 8.0 kV/cm applied to the ground
o i l side of the transmission line that ionizes any Rydberg states
RN Bectrons in the interaction region.
RN w The transmission line is constructed of brass plates 3.81
Monitor _ K ST | I cm Wid'e, spaced by 0.508 cm and 30 cm Io.ng: Thg Iinq has
/j_F T \J a nominal impedance of 50). The transmission line is
Microwave Laser coupled to coaxial cables on each end using a standard SMA
Capacitor  lonization Ramp Beams connector as shown in Fig. 1, with the ground plate coupled

) ) _ via 100-pF microwave capacitof&merican Technical Ce-
FIG. 1. Main features of the experlment.al gppa}ratus shqwmg th?amics ATC-100. The capacitors allow the application of a
pulse qlelay scheme, parallel plate transmlsspn line, atomic sourcﬁigh-voltage ramp to the ground side of the transmission line
and microchannel plate detectors. The atomic and laser beams HSr state-selective field ionization. Care was taken to mini-

antiparallel with the laser polarization in the vertical direction. The . . .
parallel with th P : mize the reflection of the HCP at the interface between the
transmission line is constructed of brass with SMA connectors and

100-pF microwave capacitors used to couple the HCP onto the ”ngoaxll_aldllne? F’:md ]Elhe pgrall:al-pllate transrr:jlsbsmr_] “ng' Th?
while isolating the bottom plate from ground to allow a state- 2MPlitude of the reflected pulse Is measured by time-domain

selective field ionization pulse to be applied. Several 0.7-mm holegef!eCtrometry to be less than 7% Of, the pulse a.mp”tUde'
drilled in the top plate of the transmission line allow electrons from ThiS corresponds to a voltage standing wave ratio of less
the ionized atoms to reach the detector. Inset: the shape of tH&an 1.25. The length of the transmission line delays any

HCP used in the experiment. reflection of the HCP at the SMA connectors until after the
main pulse is past.
whereT is the full width of the field pulse anBl, is the peak To reduce any state mixing by magnetic fields, the lasers

amplitude. For the numerical calculations a pulse in the forntre fired synchronously with the zero crossings of the line
of Eq. (1) with T=1.30 ns matches the shape and width ofvoltage. In addition, the transmission line is surrounded by
the pulse measured in the laboratory. an open-ended rectangular box constructed of mu-metal
Previously Lankhuiizen and Noordaf8] have directly —(Eagle Magnetic AAA that is 2.5 in? and 15 in. long. The
observed this type of multiphoton transition between Ryd-nteraction region is also placed at the center of a pair of
berg states in Rb, using HCP’s with nanosecond time scale$lelmholtz coils that are oriented vertically, which eliminate
They saw that for 140-ps-wide pulses, population transfethe majority of the earth’s magnetic field in the interaction
takes place at the manifold mixing field ©3 independent region. These precautions reduce the magnetic field in the
of the initial statg9]. For 9-ns-wide HCP's they were able to interaction region to less than 0.1 G.
compare their results to numerical calculations of the transi- The HCP’s are produced with an Avtech Electrosystems
tion probability for a digitized HCP. In both regimes of their AVH-HV1 impulse generator, which produces 100-V pulses
experiments, the population transfer was never completa¥ith a 500-ps FWHM. The output voltage of the pulser can
The experiments presented below provide a second systeR® Set using a control voltage provided by a computer-
on which to study these multiphoton transitions in a regimecontrolled digital-to-analog convert¢éDAC). For several of
where the population transfer can be nearly 100% whehe experiments the pulse was additionally attenuated using
driven by a single HCP. broadband coaxial attenuators. The pulser can produce up to
In the following sections we present a description of the150-V/cm pulses in the interaction region, with the reduction
experimental arrangement, a summary of the results for botélue to various losses in the cables and reflection.
the thresholds for population transfer and the quantum inter- Imperfections in the HCP come from two experimental
ference in both single- and double-pulse experiments, a digonsiderations: field homogeneity and imperfections in the

cussion of the dynamic Stark model of the multiphoton tran-unipolarity of the HCP. Based on ramped field ionization
sitions, and our conclusions. curves of individual Rydberg states, the field homogeneity in

the interaction region is estimated to be better than 1%. This
homogeneity is important to observe interference effects
since relative phases depend on the energy differences in the

We observe microwave HCP driven transitions in Ryd-HCP field. The capacitors used to isolate the coaxial cable
berg states of Na in a molecular beam. A thermal beam of N&om the high-voltage field ionization pulse form a high-pass
atoms from a resistively heated oven is created in a vacuufilter with the termination resistor that fia 3 dBfrequency
chamber with a background pressure of about 1of 30 MHz, which gives a small, long, and negative tail to
X107 Torr. The beam passes through the center of a partthe pulse. This, along with the reflection of the pulse from
allel plate transmission line, shown schematically in Fig. 1.the end of the transmission line, which is inverted, means
The Na atoms are excited first from the,;3 to the 34, that the pulse is not an ideal HCP.

Il. EXPERIMENT
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The bottom plate of the transmission line is connected to
a slowly ramped pulse from a trigger transformer circuit that
can be used to selectively field ionize the atoms. Since each
Rydberg state ionizes at a characteristic field and therefore at
different times during the voltage ramp, the time of arrival of
the electrons can be used to distinguish their state. Electrons
produced by field ionization pass through one of several
0.7-mm holes in the top plate of the transmission line and are
detected by microchannel plates. The microchannel plate sig-
nal is amplified and averaged in a boxcar integrator. The
output of the boxcar integrator is read by a DAC and the data
are transferred to a computer.

The detection scheme is highly selective for lbwstates,
but high{ states precess in the residual magnetic field into
high-m states so that they are ionized diabatically by the
ramped field. Because of the many levels and the large
numbers of small avoided crossings between states at high
fields, it is very difficult to selectivity detect the population
of the hight states. For the most part we have measured the
population in the initial state only and used the ionization of
all atoms as a normalization. This careful normalization al-
lows direct comparison with the population transfer pre-
dicted by numerical methods.
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The data from two different experiments are presented

below. In the first experiment, described in Sec. Il A, thepopulation in the(@) 21d, (b) 25d, and () 29d states versus peak

. N . .
populatlc_)n transfer from initiah _S andn*d states_to _h'gh_' amplitude after a single HCP. The computed curves were calculated
| states is measured as a function of peak electric field in afjging schidinger's equation on a limited basis.

HCP. In the second experiment, discussed in Sec. Il B, the
population transfer is measured as function of the time delagchemes. However, in these experiments there is not a single
between two HCP's. “target” state to which the population is transferred; that
would require a sequence of HCP’s.

The output of the AVH-HV1 is not calibrated, nor is it a
linear function of the voltage input to its amplitude control.

In the experiments described in this section the puls@he HCP amplitudes were calibrated with two different
splitting and combining apparatus shown in Fig. 1 was reimethods. To calibrate the HCP amplitude in our scans of
moved and the transmission line was directly connected tpopulation transfer versus amplitude such as those shown in
the HCP generator. The single pulse experiments were pekigs. 2 and 3, the amplitude of the HCP is measured with a
formed onn*d states over the range of principal quantumsampling oscilloscope. The pulse is observed using a 20-dB
numbers from 18 to 40. The experiments on fifes states, pulse couplefPicosecond Pulse Labs Model 552D t@fore
due to the larger HCP fields required, were performed oveit enters the vacuum chamber, and again after it passes
the range of principal quantum numbers from 26 to 40. Théhrough the transmission line and again leaves the vacuum
qualitative features of the*d andn*s population transfer chamber. This method also gives a good measure of the
as a function of field are discussed first, a dynamic Starlpulse shape given in E@l) and shown as an inset in Fig. 1.
picture of the multiphoton transitions is developed, and theThe uncertainties associated with this method of calibrating
the locations of thresholds for transitions and maxima ofthe amplitude of the pulse result in an estimated uncertainty
transition probability as a function of the principal quantumof 5% in the pulse amplitude. To further confirm the calibra-
number are examined. tion we apply several dc offset voltages to the bottom plate

Figures 2 and 3 show typical results of population transfeiof the transmission line and observed the change in the peak
versus HCP amplitude for a range of principal quantum numHCP field required for the onset of the population transfer.
bers. In these figures, the experimental data are shown as Population transfer between fine structure levels is impor-
discrete points and the solid lines are the results of numericaant in then*d experiments, but is not displayed in these
simulations based on the direct integration of the Schrofigures. Both then* ds, andn* ds;, populations were added
dinger equation. The numerical simulations are in quantitatogether for the data presented in Fig. 2. The calculations
tive agreement with the experimental results within the exwere performed using th¢ basis and for the theoretical
perimental uncertainty in the pulse amplitude. Both Figs. 2urves in Fig. 2, then*d;, and n*dg, populations were
and 3 show that nearly 100% of the population can be transadded as in the experiment. Calculations were also per-
ferred out of the initial state for certain pulse amplitudes.formed in thel basis, and they agree with the calculations in
This shows that HCP’s can be of significant use in controthe| basis if them;=0 andm;=1 calculations are averaged.

FIG. 2. Experimenta(O) and computed curvesolid lineg of

A. Single HCP experiments
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FIG. 3. Experimenta(O) and computed curvesolid lineg of Time (ns)

population in the(a) 29s, (b) 34s, and(c) 36s states versus peak
amplitude after a single HCP. The computed curves were calculated

B FIG. 4. (a) Energy level diagram versus electric field for Na
using Schrdinger’s equation on a limited basis. @ gy d

near the 29 state and(b) a dynamic picture of the same states
versus time in a microwave half-cycle pulse with a peak field of 110

While both sets of data show similar behavior, exhibitingwCm and 500 ps FWHM

“thresholds” for population transfer and several maxima
and minima in the population transfer, there are qualitativebetween the data presented in Figs. 2 and 3 can be under-
differences aside from the voltage scale that should be nastood using a Landau-Zener model. Figur@) 4shows an
ticed. Then*d population versus HCP field is a smooth energy level diagram and the electric-field dependence of a
curve exhibiting several regularly spaced minima. Thetypical set of Rydberg states naa+ 28 with |m,|=0. Figure
“thresholds” for population transfer are not sharp. The 4(b) shows a picture of these energy levels as a function of
minima in the remaining population decrease in amplitudetime during a 500-ps HCP. This dynamic Stark picture will
indicating more population transfer out of the initial states asjlustrate the origin of the “thresholds” for population trans-

a function of peak HCP field. It should be noticed that allfer and the role of coherence in the multiphoton transitions,

three curves in Fig. 2 are plotted on the same horizontal scalgsing transitions between the £8tate and thev=28 =2
and that the features do not change rapidly with principaktates as an example.

quantum number. Deviations from the theoretical curves at |njtially, only the 2% state is populated. Tha=28 |
high HCP fields could be due to the fact that at these peak 2 states shift their energies in the HCP field, so that several
fields the 7% reflection of the HCP is large enough to drivegf them become degenerate with the state adiabatically con-
transitions between all of the states. nected to the 2@ state at different times during the pulse.
Then*s population, seen in Fig. 3, is a much less regularthe states mix and do not cross, but rather form an avoided
function of peak HCP field. The “thresholds” for population crossing that is traversed on both the rising and falling edges
transfer are much sharper, with tisestate population de- of the HCP, during which Landau-Zener transitions are made
creasing rapidly as a function of HCP voltage. The spacinghetween two states. In a two-state Landau-Zener model, the
between individual minima is also not as regular, nor do theyopulation transfer between two states at an avoided crossing
minima decrease monotonica“y in size with HCP amplitudedepends on both the avoided Crossing g]z? between the

The data in Figs. @-3(c) are graphed on different scales, two states and the time rate of change of the uncoupled en-
due to the rapid changes of the features with principal quanergies,

tum number. Unlike in then*d experiments then* s state
population is not disturbed by the reflected pulse even at the . d dw;; dF
largest amplitudes studied because of the large threshold for @ii = 4t (Wi—Wj)= “dF dt’ @
population transfer.

Aside from the direct numerical integration of Sctiro in the vicinity of the crossing. As shown explicitly in E®),
inger’s equation, the features in the data and the differences;; depends on two independent quantities, the rate of
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change of the energy levels with the fiedyV,;/dF, and

also on the rate of change of the field with timék/dt; g
these two quantities can independently affect the transition E 100 |-
probability. The diabatic transition probability is given by o C
[20] £
onT o
Paia=€ 211, 3 g
h E
where s
) a
.= Qi 4) 105 30 35 40
i —.
I by Principal Quantum Number
Equation(3) is only exact for constanb;; , but the expres- o 10025
sion has been extended by Mcllragh al. [21] to include ) o
higher-order terms, for times when the slew rate is changing. < J| @ oo g
The simple expression is, however, adequate for discussion % o P00 ogo0p0ngg”
of the data. (I 1025' ° o, .
Each Landau-Zener transition creates a coherent superpo- % 4 ° 4
sition of the different states, which then evolve at different T ) ° o o
frequencies. Between the avoided crossings in Hig), 4he 5 20,
different states accumulate a relative dynamical phase & 125' (b) < o
1 (b 20 25 30 35 40
Aq)ij:%f AE;;(tdt, ©) Principal Quantum Number
ty

. . . FIG. 5. Experimental and theoreticédolid lineg field values
wheret; andt, are the times at the avoided crossings andreq Xper o 9

- . _required for population transfer for initially populateéndd states
AE;; is the energy difference between the two states. Thigg  function of*. Field required for the first maxima in popula-

phase is the area in Fig(B) bounded by any two energy (on transfer(t]) and for 10% of the first maximéO) in the popu-

levels and the ayoided crossings. lation transfer out of thga) n*s states andb) n*d states. The
Gatzke, Watkins, and Gallaghk22] have shown that for  theoretical curves are based on the location of the initial avoided
two symmetric avoided crossings, such as shown in Flgcrossings in a static field as shown in Figay

4(b), whereTl'; is the same for both the rising edge and the
falling edge of the pulse, that for a two-state problem, thgange from 7 GHz at principal quantum number of 27 to 2
probability of ending in the initial state after a HCP is GHz atn=40. Determining these avoided crossing sizes per-
A turbatively with the method of Komarov, Grozdanov, and
. JaneV[ 23] is difficult because they arise from the crossings
Pi:l_[4pdiab(1_Pdiab)]smz(T)' 6) of states isolated from the highstates. Instead, the sizes
were determined by numerically diagonalizing the Stark
The second term in Eq6) is a product of two factors, the Hamiltonian using the method of Zimmermanal.[17] The
first factor (in square brackelss the result of the Landau- avoided crossings in both sets of states are comparable in
Zener model without considering coherence. The incohererdize to the bandwidth of the HCP. Using this knowledge
theory predicts a maximum transition probability whenabout the states and the model summarized in(Bg.the
Pgiab=0.5. This factor describes the origin of the “thresh- differences in the behavior of the thresholds between the
olds” of population transfer seen in Figs. 2 and 3. There willn*s andn*d data will be discussed.
be an onset of population transfer between the @8te and A summary of the “thresholds” for multiphoton transi-
the |=2 states when the amplitude of the HCP equals theions are shown in Fig. 5, which is a plot of the measured
field of the static-field avoided crossing. The actual amounpeak HCP fields at the first maximum in population transfer
of population transferred will depend on the size of theto the hight states from the initially populated stat&s) and
avoided crossing andv;; near the crossings. For large the peak HCP fields required to transfer 10% of the popula-
avoided crossings or smallW/dF there can be significant tion in that first maximum(O). Also shown are the theoret-
population transfer only for rapid slew ratef-/dt, which ical lines, determined from simple hydrogenic scaling laws,
occur in the middle of the HCP’s rise and fall. For small showing the static field of the first avoided crossing of the
avoided crossings or larghNV/dF, there can only be signifi- n*d and n*s states with the manifoldsolid lines. Figure
cant population transfer for low slew rates, which occur neab(a) also shows the field where the and n—1 manifolds
the peak of the pulse. In the intermediate regime large popumix (dashed ling Because population is redistributed to
lation transfers can occur during any part of the HCP. many | =2 states in these experiments and it is difficult to
For the principal quantum numbers studied, the sizes ofmeasure each state’s population, Figs. 2 and 3 display the
the avoided crossings between th&éd and the manifold population of the initial states. However, for “threshold”
state, which it first intersects, ranges from about 5 GHz at theneasurements in the low-states, where the population
lowest quantum numbers studied to about 0.25 GHn at transfer within a single pulse is small, the higktate popu-
=40. For then*s states the comparable avoided crossingdation is much less susceptible to noise from laser or atomic
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beam fluctuations than the initial state population, and forEq. (6), which shows that the population transfer between
these measurements the hilghtate population was used.  states depends on the relative phase of the states accumulated
In Fig. 5a), the thresholds for 10% population transfer between multiple traversals of the same avoided crossing.
are at the crossing of the* s state with the manifold: sig- Because of this term Stikelberg oscillations appear in the
nificantly below then-state mixing field. The threshold data population transfer if either the energies or times between
scales at 1® as would be expected from the simple scalingcrossings are altered: both change with the HCP amplitude.
law. The first maximum is very close to the 10% transfer The shape of the*d data with HCP voltage is well de-
field, which demonstrates that the thresholds are sharp. Adcribed by the Landau-Zener model. For the lowestates,
higher principal quantum number, as the avoided crossingsuch as the data shown in FiggaRand 2b), then*d states
get smaller, the location of the first maximum in the popula-have a small likelihood of population transfer at the avoided
tion transfer moves relatively higher in voltage. In Figbs  crossing because of the very smdllM/dF at the crossings.
the thresholds for the* d states are seen to be significantly Thus the experiment is nearly an ideal two-state problem and
above the crossing field at lom; moving closer to the cross- the populations show the-1sir’(Ad®/2) behavior expected
ing field at highn. The data scale as i, which also  from Eq. (6). The amplitude of the modulation generally
agrees with the simple scaling law. The field of the firstincreases with peak HCP field as is expected from increasing
maxima in Fig. %b) is much larger than the 10% transfer Py, . For higher principal quantum number as seen in Fig.
field, demonstrating that the*d thresholds are much less 2(c) or larger slew rate as seen at the highest peak HCP fields
sharp than the* s thresholds. in Fig. 2(b) the individual crossings are more diabatic and
Despite the fact that the*s avoided crossings are com- more than two states are involved. For tifed experiments,
parable in size to those in the"d experiments, the thresh- the avoided crossings are spaced so closely together that the
olds are much sharper. The diabatic transition probabilityindividual Sfickelberg oscillations overlap with each other;
defined in Eq(3) demonstrates why. Despite the fact that theindividual peaks are not seen and the result is a broadening
HCP is identicaldW/dF is much greater in the case of the out of the minima in the final population from the form ex-
n*s states, which leads to a significantly smallef. So, pected in Eq(6). This broadening is clearly observed in Fig.
for the n*s states, even with the small slew rates near the2.
peak of the pulsePg, Can be large and a large popula-  Figure 3a), which has the largest avoided crossings of the
tion can be transferred to the highstates. For then*d data shown, shows that at low-peak HCP field, just above the
states,dW/dF is quite small at the avoided crossings, andthreshold for population transfer, there is a set of three peaks
the slew rate of the fieldJ F/dt, must become large for there which are regularly spaced. These peaks are not spaced in
to be significant population transfer. The deviation of thefield with the locations of the multiple avoided crossings
low-n n*d “thresholds” from the simple scaling argument seen in Fig. 4). They are much more widely spaced indi-
is likewise due to the small value a@fW/dF for the n*d cating that they are also due to interference effects. As the
states: there is a very small transition probability when thepeak HCP field increases the first avoided crossing is tra-
peak field of the HCP just equals the crossing field. versed more diabatically and a second series of interference
Lankhuijzen and Noordanm9] showed that for 140 ps peaks due to population transfer into more than one manifold
FWHM pulses the 10% population transfer in Rb over thestate arises. The experiment progresses from a nearly two-
rangen* =25-40 fors, p, andd states took place at the state problem for the low-peak field case of Figa)3o the
field /3% the static field required for manifold mixing. case in Fig. &) where there are clearly many closely spaced
Since this is the threshold field found in microwave ioniza-peaks due to the nearly diabatic crossings of iifie state
tion of nonhydrogenic atoms, it is surprising that the field iswith many manifold states. Unlike in the* d data, the indi-
so consistent, independent of the initial states. Our data showdual peaks are resolvable in this case because the avoided
that this consistency is merely a consequence of the pulsgrossings are spaced farther apart. The minima due to differ-
width and the atom chosen, where theand d states are entavoided crossings show a regular progression as the pulse
roughly midway between the two sets of higstates. In Rb, amplitude increases. However, because all the pathways in-
none of the three loweststates mix strongly with the mani- terfere at large principal quantum number there is no simple
fold statesthe avoided crossings are smalhtil the electric ~ progression in the data.
field reaches the manifold mixing regime. For the two pulse In all of the data presented in Fig. 3, the experiments and
widths that they chose, they worked in either the nearlycalculations run in peak HCP voltage from below the first
purely adiabatic or nearly purely diabatic regime for thestatic-field crossing of the@*s state with the manifold to
crossings of the isolated states with the manifold. In Naabove the manifold mixing region at 1% The results of
where thep andd states are close to the hidstates, there the numerical simulations displayed in Fig. 3 were per-
is a strong mixing of thes, d, andp states when they first formed in thel basis form||=0 states using only thestate,
intersect the manifold, which is at a field significantly lessthe two nearesp states, and the nearest set of higstates.
than the manifold mixing field. In the experiment presentedComparable calculations were done in théasis and also
here, the peak HCP fields required to drive transitions areising several adjacent sets of higktates. Neither of these
roughly equal to the static fields required to reach the firscalculations showed any significant deviation from the simu-
avoided crossing with the manifold, not at 473 lations presented. The fact that there is no dependence on the
One of the striking features of the data from Figs. 2 and 3difference between the basis and thg basis is due to the
is that there are several relative minima in the initial-statefact that the spin-orbit coupling is much smaller than the
population as a function of the peak HCP field. The oscilla-HCP bandwidth, indicating that there is no mixing of these
tions in the data derive from the phase-dependent factor istates during the HCP. The independence of the results from
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within a single HCP. The Landau-Zener picture gives insight
into the data and good agreement with the data for particu-
larly simple cases. However, numerical integration is re-
quired to understand the situations where several states are
involved andP;,;, is large, since a change in the pulse am-
plitude implicitly alters botlA® andP ,,. A second experi-
ment, which demonstrates the interference effect in a way
ol ] that is much more straightforward to measure, involves ap-
- ] plying a time-delayed pair of HCP’s to the atoms. These
L ™y L L ] experiments provide a direct measurement of the coherence
20 25 30 35 40 of the redistribution process that is easily compared to
Principal Quantum Number theory.

FIG. 6. Experimental(O) and theoretical field values for ~ With two HCP’s, the population redistributed by a single
maxima in the population transfer between the initiatl state and HCP remains coherent at the end of the first pulse, and there
thel=3 states. The theoretical curves are based on a simple scaling a well-defined phase difference between the populated
argument about the quantum-mechanical phase of the states at ttates after the pulse. The phase of each state depends on its
beginning and end of a pulse. energy and evolves freely between two pulses. If a second

: . ith the adi ifolds is | q HCP is incident on the atoms, population is again redistrib-
Interaction with the adjacent manitolds Is less easy to un €lited, and the final population depends both on the shape and
stand. It seems that when the pulse amplitude becomes lar

H h 1S that th e \ y Uhplitudes of the two pulses and the relative phase of the
enough to reach 158, that the avoided crossings are all yigerent states when the second pulse starts. The two-pulse
traversed nearly diabatically so that very little populationgq g seen by the atoms can be expressed as

reaches the avoided crossings at the manifold mixing field.

For then*d states it is possible to obtain a closed form Fo(t)=F(t)+F(t—7), 8
expression for the phase defined in Ef) with a few ap-
proximations in order to explore the coherence effects withwhere F, is defined in Eq.(1), and 7 is the relative time
the dynamic Stark model. If it is assumed that the energylelay between the two pulses. In a two-pulse experiment
levels are nearly hydrogenic, then the energy level differencéhere are four avoided crossings like those seen in Rlg. 4
in a field is given by ®F and if the crossings are at zefmr ~ Which must be traversed, but the time between the pairs in
smal) field, then the integral of Eq5) can be carried out in €ach pulse are readily changed without affecting any other
closed form using pulse shape given in Eb. This integral ~ parameters of the population transfer. The relative phase ac-
gives the resultA®=9nF,T/8, wheren is the principal cumulated between two states in the time interval between
quantum number. IIA®=27m, wherem is any integer, the initial and final crossings are
there will be constructive interference in the population
transfer, giving rise to a minima in the initial-state popula- AD .. :% r— b (9)
tion of Eqg. (6). The above assumptions about the energy 4 h ne
levels, pulse shape, and crossing locations determine that the

100

W B DN
T T T 1T 17

Peak HCP Field (V/cm)

N D
7T

peak field for the minima are whereAW;; is the zero-field energy level spacings, apg
is a constant phase that depends on the pulse shape and am-
= =16m77 @) plitude. This allows the ready observation of coherence in
o onT - the redistributed population using an interferometric tech-

nique.

In addition to measuring the coherence of the redistribu-
tion process, this interferometric technique is a powerful tool
for spectroscopy in the range of MHz to THz. The Fourier
transform of the interferogram determines the frequency in-
tervals between states populated by the HCP’s. The band-

idth available for spectroscopic measurements is orders of
agnitude larger than the bandwidth of the pulses because of
he high-order multiphoton nature of the transitions. Essen-

In Fig. 6 the fields at the first three maxinfdiscrete
pointg are plotted as well as the curve defined by &g .for
m=1, 2, 3. The agreement is good, with the data falling
close to the lines, particularly at low. The measured scal-
ing of the different curves ia~°to n~17, while the simple
model predicts a scaling of 1. For then*s states, such a
simple scaling argument is not possible, and the locations
the minima are only modeled successfully by the direct inte:[

gra_[t_lr(])n of the tl_me-dteper:wder;:] Stcti_rt[;]ger equaltloE. if-cvel ftially we are using Stark shifts, which are usually a signifi-
ese experiments snow that within a singié hall-Cycle o, 5o rce of uncertainty in multiphoton spectroscopy, to

the field, that coherence must be taken into account. Over(:i\ur advantage. The highest frequency intervals that can be

wide range of avoided crossing size relative to the field fre'measured are only limited by the amplitude of the HCP's
quency, the largest population transfer takes place whe

- o ) quuired to drive the transitions and stability of the pulse
there is constructive interference between the two crossmg&elay Since the phases of @) depend only on the relative
and Pg.~3. We have shown that for properly chosen )

X L pulse delay and the field free energies, the spectroscopic
pulses, nearly 100% of the population can be red'smb“ted'measurement is free from ac Stark shifts. The frequency

resolution is only limited by the longest time delay available
between the two pulses.

The data in Sec. Ill A have demonstrated that there are For weak-field interferometry, where the population trans-
significant coherence effects in population redistributionfer is described by first-order perturbation theory, the popu-

B. Two HCP experiments
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lation of each state will be modulated with the frequencies of 1.00 , , , , ,

the states that it interacts with. For nonperturbative HCP’s, (@)

which are inherently used in these experiments, Jehes. § 095 .

have demonstrated that the interferogram from a single &

bound state contains information about all bound levels 3 %9 }

populated during the HCP24]. This means that the initial & 0.85L ]

state should contain the frequency differences between all of [ ’

the states that are populated by the HCP's. T g0l i
Since the population transfers in the delayed-pulse experi-

ments are strongly dependent on relative phase, and since the I

0.75 1 i 1 1
atomic frequencies are large compared to the HCP fre- 180 182 184 186 188 190 192

quency, there must be good phase stability between the two Relative Pulse Delay (ns)
HCP’s. The phase jitter between the two pulses must be sig- 50 I I I I
nificantly less than the highest zero-field frequency differ- (b)
ences, which are from 10 to 100 GHz for the states studied. g “°f 1
For 100-GHz frequency differences a shot-to-shot jitter of 1 2 30 |
ps in time delay, which cannot be achieved electronically, is 3;:_ i
required. In order to create the two pulses, an arrangement & | |
similar to a Mach-Zehnder interferometer using coaxial mi- |
crowave components, shown schematically in Fig. 1, was " 4L _
used.

Time delays between two pulses are generated by first 0 L L L L
splitting a single HCP using a Avtech Electrosystems AVX- 5 10 15 20 25
SP-3 pulse power splitter. One of the pulses travels through a Frequency (GHz)

variable delay and the the two pulses are then recombined in o _
an Avtech Electrosystems AVX-CP-1 pulse combiner. The F_IG. 7. Plots of(a) population in the 2@ state as a fgnctlon of _
variable delay is made with a trombone li@eneral Radio relative pulse delay between two half-cycle pulses with an_ ampli-
847LTL) attached to a translation stage driven with a syn-ude of 18 Vicm andb) the power spectrum found by taking a
chronous motor. With this scheme the relative delay betweef] SC'6€ Fourier transform of the data(@. A single peak appears,
two pulses can be scanned by up to 1.4 ns with sub-ps phag_ggrzeipgndmg to the frequency petween thel 22ate and then
. . . . =22=3 states. The delay scan is not long enough to resolve the

stability. We increased the relative pulse delay by adding,
sections of low-loss coaxial cable to the leg of the interfer-
ometer containing the trombone line, allowing observation of
the coherence as a function of delay over times longer thaff the data which, although it is not resolved in the Fourier
seen with the trombone line alone. This technique has attransform, can be identified as an oscillation at thef 2@
lowed measurements of coherence for delays up to 20 né=3 frequency difference of 0.9 GHz.
The translation stage is accurate to 0.25 mm over the full Figure 8 shows the somewhat more interesting scan of the
length, corresponding to an uncertainty of about 1 ps in thelelay between two pulses that drive transitions from the
total delay. Since the trombone line has an air dielectric33s state to the adjacent highstates. The 38 population
relative time delays are readily determined from translationwas measured as a function of relative pulse delay from
distance. Absolute delays are not so easily determined argpout 10 to 11.5 ns for HCP's with an amplitude of 36 V/cm.
can only be determined to within 0.25 ns by measurement$hese data again have a contrast of about 10%. The discrete
made with a sampling oscilloscope. After the pulse is splitFourier transform of the data shows three frequencies. The
and recombined, the maximum HCP amplitude is 40 V/cm intwo high frequencies 68.4 and 71.0 GHz, correspond to the
the interaction region. transition frequencies between thes33ate and the 3Pstate

In addition to stability in the relative pulse delay, the HCPand the 38 state and then* =32 |=2 states. The lowest
amplitude stability must be good. The constant fagtqrin ~ frequency, which would not exist if these were perturbative
Eg. (9) depends on the HCP amplitude, and because thpulses, is the 32to n*=321=2 frequency, 2.6 GHz.
phase accumulated between the two pulses is approximately Numerical simulations of the data shown in Figs. 7 and 8
equal to the phase accumulated during each pulse, shot-tatere performed using the same methods as the simulations
shot fluctuations in the HCP amplitude can reduce the interdone for the scans of amplitudes shown in Figs. 3 and 4. The
ference contrast. theory generally reproduces the data. Forrfie states, the

Figure {a) shows the population in the 22d state as atheoretical curves very closely match the experimental ones.
function of relative pulse delay between 18 and 19.2 ns fofFor then*s states, the Fourier transform of the theoretical
HCP’s with amplitudes of 18 V/cm. The absolute time scaleinterferograms shows the same frequencies, but with some-
is uncertain to about 0.25 ns, but this is unimportant since thevhat different amplitudes. The contrast in th&s experi-
signal is periodic. The modulation has a contrast of abouments is also lower than predicted by the theory, while for
10%. Figure Tb) shows a discrete Fourier transform of the the n*d states the contrast is very closely matched. The re-
data, which shows a single peak at 9.5 GHz. This correduction in contrast between the numerical simulations and
sponds to the frequency difference betweendhstate and the experiments is likely due to a combination of field inho-
then=221=3 states. In addition, there is a slow modulation mogeneities within the interaction region and HCP amplitude

-f andd-high4 frequencies.
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0.60 , ; ; , , , tribution of many Rydberg states by an HCP. Nearly 100%
transfer of population was observed for certain amplitude
HCP’s, showing dramatically that only a few cycles are re-
quired to bring the onset of microwave ionization and that
coherence effects are very important in these few-cycle ex-
perimentg 11].
We have successfully used a Landau-Zener model that
includes phase to describe the experiments in which two
states are important and to give a qualitative understanding
0.30 I L | | ! ! of the population transfer as a function of pulse amplitude
100 102 104 106 108 110 112 114 and delay. Numerical integration of the time-dependent
Relative Pulse Delay (ns) Schralinger equation also guantitatively agrees with the re-
80 | | : , sults of the experiment. The level dynamics in this experi-
ment are closely analogous to ac Stark-shifted multiphoton
resonances and provide a clean experimental system on
which to study nonperturbative dynamics.
In addition to measuring the coherence of the redistribu-
401 n tion process, we have demonstrated an interferometric tech-
nique for multiphoton spectroscopy without ac Stark shifts.
20l i The bandwidth of the spectroscopy is significantly larger
than the bandwidth of the pulses because of the multiphoton
L | . L | (b) nature of the transitions. The highest frequencies that can be

0 20 40 60 80 100 measured are only limited by the amplitude of the HCP’s
Frequency (GHz) required to drive the transitions and the frequency resolution

is only limited by the longest time delay available between
the two pulses, which could easily be increased over the

F.IG‘ 8. Plots of(a) population in the 33 state as afP”C“O” of .range used in this experiment by using several trombone
relative pulse delay between two half-cycle pulses with an ampli-

tude of 40 Vicm andb) the power spectrum found by taking a lines in p_arall_el. This method is also readily_ usable for _Iower
discrete Fourier transform of the data (a). Both the 33-32d frequencies, in the MHz to GHz range, with electronically

frequency, the 3@-n=321=3 frequency, and the 331=32 | con;rolled delays between.two pulses. We are_currently ex-
=3 frequency appear in the data. The existence ofdthighA ploring ways to make the interferometric technique demon-

frequency shows that the results are nonperturbative. strated into a viable Spectr0§copic technique.
HCP’s populate many high-states, and form angular

wave packets. For short enough pulses, experiments using

jitter. It is likely that the deviations between the frequency”_* d states produce distributions of highstates that are
spectrum between theory and experiment is due to the 7egimilar to states that exist in a static fie(the parabollc;
reflected pulse or the long negative tail due to the low-State$. These wave packets would have a permanent dipole
frequency cutoff of the transmission line. Both of these ef-Moment in zero field. An interesting application of such a
fects can transfer population within the=2 states in the transition would be to create a radial wave packendt
interval between the two pulses, affecting the measured irstates and then apply a HCP to drive tifed states into the
terferogram. superposition state of highstates with multiple principal
These experiments show clearly and directly that the coduantum numbers. Such a wave-packet state would be local-
herence is important in Rydberg-state populations distributed£€d in three dimensions. Additionally, the influence of noise
from n*d andn*s states by microwave HCP’s and that the ©1 Microwave multiphoton transitions and microwave ion-
coherence persists for delays of up to 20 ns with little sign ofZation has been the subject of recent experimi2s-24. It
damping in their amplitudes during this time delay. Becausé&vould be useful to apply different noise signals between the
there is no static field present between the two pulses, norf/0 HCP's to perform a more controlled experiment on these
of the states are in the linear Stark regime, where small in€ffects. Finally we are looking at the application of several
homogeneities in the field can cause dephasing over the voiricrowave HCP's to place the transferred population into a
ume of the atoms due to slightly different energies. For thisPecified final state.
reason we can see coherence for long-time delays between
the pulses with little damping in their amplitudes.

Final Population

601 -

FFT Spectrum
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