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Multiphoton Resonance with One to Many Cycles
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Using radio frequency pulses we connect the relatively unstructured response of a two level system to
a half cycle pulse to the resonant response to a monochromatic wave. There is an obvious change from
the nonresonant effect of a half cycle pulse to an interference pattern analogous to a Young’s two slit
interference pattern with two cycles. The analog of illuminating more slits, adding progressively more
cycles, leads to a gradual evolution of the interference maxima into sharp resonances. The structured
response tdv cycles is implicit in the response to one cycle.  [S0031-9007(96)01243-4]

PACS numbers: 32.80.Wr

The evolution of a quantum mechanical system in a We fix the amplitudeE,s and the number of cycles
strong electric field pulse or in an intense laser pulse conand observe th@ls — 19,3 transition probability as we
taining only a few optical cycles is easily calculated byslowly sweep the static field, which alters the energy sepa-
explicit numerical integration of the Schrddinger equationration between the two states. With a long rf pulse this
[1,2]. Since this approach is awkward for descriptions ofapproach yields a clear sequence of multiphoton transi-
multiphoton resonance phenomena driven by long, nearltions [9]. With a single cycle the transition probability
monochromatic pulses of radiation, such processes are aficreases monotonically & + E.¢, the peak total field,
ten described by Floquet approaches, which have little apppproache&,.. This dependence can be understood by ex-
parent connection to explicit numerical integration [3,4].amining Fig. 2(a), a plot of the energies of thesahd 19,3
The question of how to connect these two approaches states vs time in a single cycle pulse for static and rf fields
not academic, since it is now possible to make laser pulsesuch tha, + E.; = E.. The transition probability arises
containing only a few optical cycles [5,6]. from the mixing of the two states at the peak of the field, re-

In fact, the two approaches are intimately related. Adlected in the deviations of the 8&and 19,3 energies from
pointed out by Moloney and Meath [7], it is a straightfor- a constant and a sinusoidal oscillation. For a fixed ampli-
ward matter to construct the unitary time evolution operatude E,s with smaller static fields the distortion of the en-
tor U by numerical integration over one field cycle. The ergy levels and the transition probability are lower. When
evolution operator for aM cycle pulse is then simply E; + E;s exceedsE. the avoided crossing is traversed
UM. In the related problem of above threshold ionizationtwice, as shown in Fig. 2(b), and there are two paths by
(ATI), Muller [8] has pointed out that even if electrons are which atoms can go from the 1o the 19,3 state. These
freed from atoms only at the peaks of the optical cycleswo paths interfere constructively or destructively depend-
the fact that the electron ejection can occur over many cying on their phase difference, leading to pronounced
cles leads to sharp peaks, spaced by the photon energy, in

the electron energy spectrum. -309.90 ———— r . : "

Here we report the experimental observation of the [ 10,3 :232 19.3
response of a two level system to pulses containing from -309.95 306 ’ .
one to fifteen radio frequency (rf) cycles. Specifically, we [ -308
observe the development of multiphoton resonances with_-310.00f :2?8 2s .
increasing numbers of cycles. We have driven transitions' [ 0 100 200 300 400
between the potassium 2knd 19,3 states in a static 3 -31005f E ]
electric fieldE;. The 19,3 state is adiabatically connected g i LA
to the zero fieldn = 19, ¢ = 3 state. As shown by " -at0.10f 1 339 MHz
Fig. 1 the 19,3 state has a large linear Stark shift and - .
an avoided crossing with the &5tate at the static field -310.15}
E. = 304.2 V/cm, where the two states are 339 MHz S B . I .
apart. We drive transitions between the two states by 204 296 g 208 %00 302 304 306

. . . . . Electric Field (V/
adding an rf field pulse, parallel to the static field, with et Feld (Viem)

a chosen number of cycles. As shown in Fig. 1, forFIG. 1. Energy level diagram showing the K 19,3 ands 21
E, < E. the positive half cycle adds to the static field states vs static field; (shown in the figure at 297 \¢m). The

. . . . levels have an avoided crossing Bf = E. = 304.2 V/cm.
bringing the states closer to the avoided crossing whilg-, s £ the positive half cycle of the added rf field brings

the negative half cycle moves the states away from théhe atoms to the avoided crossing, as shown by the single cycle
avoided crossing. of the rf field of amplitudeE,;.
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locked to the desired harmonic. Putting the sweep oscil-
lator output into the local oscillator port of a mixer and the
pulse generator output into the intermediate frequency port
produces a train of phase-locked rf pulses at the radio fre-
guency port. The rf pulses range from 3.5 to 100 ns long
and contain integral numbers of half cycles. Using a sec-
ond mixer, we select the first rf pulse after the laser pulse
and amplify it. The amplified pulses are brought3ty()
coaxial cable to the parallel plate transmission line inside
the vacuum system. To have38 () impedance in the
line, the ratio of the plate width to spacing is maintained at
377/50 [10]. Where the transmission line joins the cable
the plate spacing is 1 mm, and over a length 10 cm it is
increased to 8.5 mm. For 22 cm this separation is main-
tained, and in the middle of this region the atomic beam
crosses the transmission line. At the end of the parallel
¢ - plate line the spacing is reduced to 1 mm over a 10 cm
o ) length and connected to58 () load.
FIG. 2. Temporal variations of the energies of thes zhd The lower plate of the transmission line is isolated

19,3 states showing the evolution starting from an initially . : . .
populated 2§ state in several rf pulses. (a) A single cycle pulseWlth microwave capacitors, allowing the dc voltage and

for which E, + E; = E.. The single possiblels — 19,3  ionization pulse [ us rise time) to be applied to it. rf
path is shown by the broken line. (b) A single cycle pulsepulses are attenuated by 2 dB on passing through the entire
for which E; + E > E.. There are twa2ls — 19,3 paths, line but are not changed in shape. Using a pickup probe,
o e brcker s, it phese deretthetieet, we have obsenved smalldistortons in the pulse in the
area between the two paths. () A two cycle pulse Withparalle?l plate section which are consistent with voltage
E, + Ex = E.. There are tw@ls — 19,3 paths with phase reflection coefficients of 0.19 at the capacitors.
differenced leading to intercycle interference, or resonance. In Fig. 3 we show the observed and calculated 19,3
signals as functions of static field for a 454 MHz pulse

of amplitudeE,s = 4.4 V/cm and several pulse lengths.
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Stlickelberg oscillations in the transition probability [1].
As implied by 6 in Fig. 2(b), we use atomic units un-

less others are given explicitly. Our interest here is in
the intercycle interference which occurs with more than 1
one rf cycle. Specifically, we have observed changes in
the transition probability as progressively more cycles are
added. A second cycle introduces a sinusoidal modulation
onto the single cycle transition probability, roughly analo-

gous to Young's two slit interference pattern. As more

cycles are added the maxima develop into progressively
sharper resonances just as illuminating more slits produces

=0

©

Upper State Population
-0

a sharper optical diffraction pattern. 0 g
In the experiment, potassium atoms pass midway be- s

tween the two plates of a parallel plate transmission line g

where they are excited by two dye lasers from the ground :22 YiRig

4s state to the 24 state in a static electric field. The 206 297 298 299 300 301 302 303 304
atoms are subsequently exposed to the rf pulse to drive the Static Field (V/cm)

21s — 19,3 transition. Finally, a field ionization pulse is ) )

applied with an amplitude sufficient to ionize the 19,3 statd G- 3. Experimental ‘and calculated signals for 454 MHz

; . pulses of amplitude 4.4 Xtm. (a) 32 cycles (1 positive
but not the 2% state. The ions pass through a 0.4 mm di-p ¢ cycle), (b) 52 cycles (2 positive half cycles), (c)/Z

ameter hole in the upper plate of the transmission line angycles (3 positive half cycles), and (d) /2Lcycles (5 positive

are detected. half cycles). The noisy curves are the experimental data.
To generate the short rf pulses we use a Philips PMhe smooth solid curves are the total calculated signals and

5785B pulse generator with clock and pulse outputs aihe broken lines the calculated contribution due to excitation

. of the upper state at the avoided crossing. All experimental
the same frequency, typically 20 MHz. The clock OUtPULyaces have been normalized to the range [0,1], and the

drives a step recovery diode to generate harmonics, angiculations have been offset by0.25, one scale division, for
a Hewlett-Packard (HP) 5340B sweep oscillator is phaselarity.
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There are two contributions to the experimental signalsgquency. Since the maxima occur at the fields of\Eho-

the 21s — 19,3 transitions driven by the rf pulse and ton resonances, it is convenient to call them the resonant
the direct laser excitation of the upper energy eigenstatmaxima. Note that in Fig. 3(b) the transition probability
as E; approaches. [11]. Because of overlapping field vanishes at 302.4 Xtm, as in Fig. 3(a). If the transition
ionization signals we cannot obtain absolute experimentgbrobability is zero after one cycle, it remains so after any
transition probabilities, and the experimental traces ar@aumber of cycles.

normalized to the calculated 19,3 signals, shown by the When there are three positive (and four negative) half
smooth solid curves. The portion of a calculated signal dueycles we obtain the trace of Fig. 3(c). Each of the reso-
to laser excitation of the upper energy eigenstate is shownant maxima of Fig. 3(b) becomes sharper, and an addi-
by the broken lines [11], and the remainder is due to theional set of maxima appears between them. In a three
rf transitions. The transition probability is calculated by slit optical experiment the new maxima would be sub-
computing the unitary time evolution matrixfor a single  sidiary maxima smaller than the resonant maxima [12],
cycle and using the matrik’¥ to calculate the response and such is the case fé, < 300 V/cm, where the single

to M cycles. In Fig. 3(a) we show the trace obtainedcycle response of Fig. 3(a) is weak. When the transition
with a 3/2 cycle pulse, specifically a negative half cycle probability approaches 1 the optical analogy breaks down.
before and after the positive half cycle. Traces essentiallfFor example, th&y = 4 resonant maximum at 301/¢m
identical to those shown in Fig. 3(a) are obtained withis smaller than the new maxima on either sideFgf=
pulses containing one positive and one negative half cycle01l V/cm. At the resonant maximum the single cycle
as well as only one positive half cycle. Given the energyesponse of Fig. 3(a) is strong enough that in only three
levels shown in Fig. 1 it is not surprising that it is only the cycles the atoms can make approximately the full Rabi os-
number of positive half cycles which matters. The signakillation from 21sto 19,3 and back to Zlagain. A pulse
monotonically increases untll; = 301 V/cm, at which  with five positive (and six negative) half cycles leads to the
point the peak field&; + E,¢ slightly exceeds the avoided trace of Fig. 3(d) in which the observed features are gener-
crossing fieldE.. For larger values of, Stiickelberg ally sharper than in Fig. 3(c), as might be expected. Only
oscillations, having the origin depicted in Fig. 2(b), arewhere the single cycle transition probability of Fig. 3(a)
clearly visible in the calculated signal. We attribute theis small do the resonant maxima stand out clearly. The
discrepancy between the measured and calculated curvagreement in Fig. 3 between the data and the calculations,
of Fig. 3(a) forE; = 301 V/cm to the small reflections based on the method of Moloney and Meath, is evident.
in the transmission line. The reginkg; + E; > E., the  In addition, since the transition amplitude comes from the
Stuickelberg oscillation regime, is particularly sensitive topositive peak of the rf field, and we tune the atomic energy
the precise shape of the individual field cycle. This issudevels, our experiment is almost exactly analogous to AT
is less important in the regioA,s + E; < E. where the and may be viewed as a confirmation of Muller's model
multiphoton resonances build up from many cycles. of ATI [8].

A pulse with two positive half cycles (and three nega- The fact that the Rabi frequency exceeds the inverse of
tive half cycles) produces the trace of Fig. 3(b). Thethe pulse length for much of Fig. 3 obscures an interesting
most striking difference from Fig. 3(a) is that the struc-point: the multiphoton transition probability in lowest
tureless region between 297 and 301ckh in Fig. 3(a) order perturbation theory (LOPT) is identical to optical
now exhibits a pronounced sinusoidal modulation similardiffraction. If p is the 21s — 19,3 transition amplitude

2

P = ; 1)

to Young's two slit interference pattern. The origin of the for a single cycle, the transition amplitude from thih
modulation is intercycle interference which is easily un-cycle of anM cycle pulse ispe”® where® is the phase
derstood by referring to Fig. 2(c), which shows the timeshift between cycles defined previously and shown in
dependence of the two energy levels in a two cycle puls€ig. 2(c). In LOPT the transition probabilitf for the
forwhichE,; + E = E.. Thereis a transition amplitude M cycle pulse is given by

from the 25to the 19,3 state on each of the field cycles re-

sulting in the two transition pathways shown in Fig. 2(c). ! im®

The amplitudes add constructively if their phase difference mZO pe

® = 27N and destructively ifb = 27(N + 3) whereN

is an integer. @ is the energy difference between the two precisely the same expression used to describe an optical
states integrated over one cycle, i.e., the area indicatetiffraction pattern fromM slits [12]. This expression

in Fig. 2(c). Since thé¥,;; and W93 are constant and is only valid for P <« 1, a condition which is not well
sinusoidally varying, respectivelh = (Wi, — Wig3)7, satisfied in much of Fig. 3.

whereW,;; andW 93 are the time average energies of the The similarity to optical diffraction is more apparent
two states, i.e., their energies in the static field alone, anth the traces shown in Fig. 4 taken with slightly higher

7 is the period of the rf field. Interference maxima, wherefrequency, 570 MHz, and lower amplitude, ¥&m. With

® = 27N, occur for static fields at which the separationthis low field amplitude the single cycle response is weak
of the two levels is an integer multipld of the rf fre-  enough that the features which develop into the two and
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N photon resonance is broken up into a group of maxima
T T ] of comparable size, indicating the complete breakdown

@ of LOPT.
In conclusion, we have shown that as rf pulses are
®) increased in length from one to many cycles the resulting

I I OO, transition probability evolves from an almost structureless
1 1 function of the energy level spacing to one exhibiting

© the sharp features characteristic of resonance experiments.
W This evolution is implicit in the response to a single rf
cycle and is similar to the evolution of a diffraction pattern
as more slits are illuminated. The diffraction analog can

-0
T
1

(d)

Fractional Upper State Population
o

¢ N direct our thinking in useful ways. For example, as pointed
) out by Jones [13], the analog to blazing a grating, choosing
R ”"”"'“WW‘/\"’“"WJA/\/\NJ/\W the shape of a field cycle, i.e., the phases and amplitudes
-0.25 1 I o] of its harmonic constituents, can enhance the transition
300 301 302 303 ili ific hi iti -
Static Field (Vo) probability for specific high order transitions [14—16].
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