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In pulsed-field ionization zero-kinetic-energy spectroscqBFI-ZEKE), Rydberg states are
typically field-ionized approximately is after photoexcitation. During this waiting period optically
accessible Rydberg states in zero field would decay due to autoionization or predissociation,
however their lifetimes are lengthened by the electric fields due to ions or macroscopically applied
fields. In this work, we experimentally demonstrate that the introduction of an appropriate
microwave field can appreciably lengthen the lifetimes of Rydberg states of the NO molecule, which
would otherwise decay by predissociation. The microwave field mixes optically accessible states
with longer-lived noncore penetrating states. The resulting enhancement in field-ionization signal is
seen at energies where then+1 spacing matches the microwave frequency. This method of
suppressing predissociation introduces sharp, symmetric, resonances in the PFI-ZEKE spectra, at
specific energies below the ionization thresholds, thus providing a new technique for the accurate
determination of molecular ionization thresholds. 2000 American Institute of Physics.
[S0021-960600)01928-7

In pulsed-field ionization zero-kinetic-energyPFI-  effect: a dc electric-field mixes optically accessible Ibw-
ZEKE) photoelectron spectroscopy, an important techniquetates—which normally decay rapidly by predissociation—
for the determination of ionic energy levels and molecularwith high4 states. This field is switched off diabatically
ionization thresholds is based on the optical excitation okhortly after photoexcitation and some population is pro-
Rydberg states which live for microsecoridsOther appli-  jected onto the long-lived highstates, which are now no
cations of molecular Rydberg states, such as the productidanger coupled to the rapidly decaying Idvstates.

of state selected ions for reaction studiésnd the potential In the present work, we have demonstrated for the first
for state-specific probin% of molecular photolysis productstime that the application of an appropriate microwave field
using “Rydberg tagging™ have similar requirements. can prevent the predissociation of molecular Rydberg states.

In 1993, Chupka argued that the optically accessible RySuppressing predissociation enhances the normally observed
dberg states, thought to be excited in PFI-ZEKE spectrospr|-ZEKE spectra—in a manner significantly different from
copy should decay quickl{<1 us) under isolated field-free that observed by Hel@t al® In particular, enhancement is
conditions® in apparent contradiction to the experimental re-gpserved over a smaltontrollable range ofn’s for which
sults. This discrepancy was resolved by noting the presena@e microwave frequency matches the>n-+1 energy spac-
of external perturbations due to stray fields and nearby ionfg, producing a resonance in the PFI-ZEKE spectrum at a
lengthen lifetimes by mixing the optically accessitiend  \ve|l-defined energy below the ionization limit. The advan-
rapidly decaying low-I states with the longer lived noncore tages of this will be discussed in the following.
penetr_ating hlgh-states The pr_esence of these fields is often For experimenta| convenience, and Comparison with pre-
unavoidable, and their properties are not controllable excepfious studies, the influence of microwaves on the PFI-ZEKE
under the most ideal experimental conditions. spectra of NO was studied. A+11’ multiphoton excitation

Given the serendipity involved in these environmentalscheme was used to excite supersonically cooled NO mol-
factors in PFI-ZEKE, it is reasonable to investigate otherecyles to the vicinity of the first ionization threshold. A
more direct, approaches to lifetime control, especially foryyised nanosecond dye laser was frequency doubled to pro-
lower n's than normally used in PFI-ZEKE, where stray 4, ce light (=225 nm) to excite the NO molecules to the
fields are often insufficient to lengthen lifetimes to a2s+ =0 N=0 intermediate state. The wavelength of

- . . 8 i) i) .

microseconds.In this vein, Heldet al® have recently dem- this |aser was fixed. A second frequency doubled dye laser
onstrated that one may excite long-lived Ryd_berg stateg_327 nm, delayed by a few nanoseconds, further excites
(>10 us) of NO at quite lown (n~45) by applying a dc he molecules to energies in the region of the first ionization
electric field during p_hotoexc@atlon,_ and rapldly §W|tch|ng it threshold. The photon energy of the second excitation laser
off afterwards. The idea behind this technique is the Starky,s calibrated using etalon fringes and tabulated uranium
transitions observed using the optogalvanic effect in a hol-
dElectronic mail: jm5zy@virginia.edu low cathode discharge lanfpThe uncertainty in the calibra-
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in a PFI-ZEKE spectrum of NO similar to those obtained in
previous studie&’ In Fig. 2(a) we show a spectrum obtained
with a static electric field of 1.2 V/cm. All spectra in this
paper are displayed with energy scales relative toNHe
=0 ionization threshold(This is determined by extrapola-
tion of the Rydberg series observed approaching NHie
=2 threshold, together with the™ =0, N*=2 rotational
spacing of 11.9 cmt.)

The microwave field was introduced using an open
' ended piece of WR62 waveguide directed toward the excita-
Laii"gh‘ tion region. The end of the waveguide was located approxi-

mately 3.2 cm from the interaction region. The microwave
FIG. 1. Experimental apparatus. The NO molecules are introduced using @SCillator was a Hewlett—Packard 83620A sweep generator.
supersonically cooled molecular beam from a pulsed valve. With the beanT he power available from this oscillator 4620 mW over the
on, the average vacuum chamber pressure is Torr. frequency range of interest: 12—20 GHz. Quoted microwave
intensities given throughout this paper are estimated by di-
tion of photon energyafter doubling is roughly the same as viding the total power emitted by the waveguide by 10°cm
the bandwidth(0.5 cm). The molecular and two laser (This is based on the bounds established by the theoretical
beams crossed halfway between two parallel aluminuntenterline intensity within the waveguide and that expected
plates separated by 1.27 disee Fig. 1 A field ionization in the far-field radiation pattertf) The resulting estimated
pulse of 315 V/cm was applied using these plates, approxintensities are expected to be accurate to within an order of
mately 750 ns after photoexcitation, and the electrons fronmagnitude. To switch the microwaves on and off, the exter-
field ionization were extracted through a mesh covered hol@aal pulse modulation input of the sweep generator was used.
in the upper plate to a microchannel plate detector. Electrons;his generates microwave pulses of variable length, having
due to this field ionization pulse, if any, were selectivelyrise and fall times of 50 ns.
detected with a gated integrator so that prompt photoelec- Figure 2b) shows how a PFI-ZEKE spectrum of NO is
trons, and electrons due to autoionization did not contributenodified by applying a microwave field12 GHz, 0.02
to the observed signal. Scanning the photon energy resultad\W/cn?) during photoexcitation, and switching it off 100 ns
later. The obvious difference from Fig(& is the strong,
L ELALAL B B BRI IR BN spectrally sharp enhancement approximately 16 ‘chelow
1 N=01 2 - the N* =0 ionization threshold. As shown by Figg.cand
4+ = 2(d), when the microwave frequency is varied from 12 to 20
| @) microwaves off GHz, the position of this “resonant” enhancement shifts to
lower energy, whereas the broader enhancement observed at
higher energies does not shift significantly.

The strong, spectrally sharp, enhancement of signal in
Fig. 2(b) is due to the suppression of predissociation by reso-
nant mixing of the states of adjacemusing the microwave
field—more or less the resonant analog of Stark mixing in a
dc field. We shall return to the details of how the mixing
occurs and first show how the frequency of the applied mi-
crowave field is related to the energy at which the resonance
is observed in the PFI-ZEKE spectra. In atomic units, the
microwave angular frequenay matches then—n+1 tran-
sition when
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FIG. 2. PFI-ZEKE spectra of NO takei@) without microwaves, and with

microwave fields of(b) 12 GHz, 0.020 mW/ci (c) 16 GHz, 0.036 .. . . .

mW/cn?, and(d) 20 GHz, 0.082 mW/cf All spectra(a)—(d), are taken in Combining these two equations gives the location of the
the presence of a 1.2 V/cm dc electric field, parallel to the microwave fieldresonance as

polarization. The microwaves are on during photoexcitation, and switched

off 100 ns later. The delay between excitation and field ionization is 750 ns. w3
The field ionization pulse is 315 V/cm, with a rise time of roughly 50 ns. W= — —. ®)
The vertical arrows indicate the resonance positions computed usind)Eqg. 2
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microwave field, which is switched off 100 ns following photoexcitation,

FIG. 3. Microwave-induced resonance locations as a function of microwavg,,i, (a) without, and(b) with the presence of a dc electric field. Relative
frequency. 'Cond.ltlor'\s were similar to those for Fig. 2. The solid line referssignal levels are comparable bi@ has been reduced in vertical scale by a
to the relationship given by Eg4). factor of 2. All other conditions are identical to those of Fig. 2.

Rewriting in laboratory unitfWin cm™%, andf = w/(2) in . .
low-I state |n,l), which would normally decay quickly. How-

GHz|:
] ar 1 L ever the presence of the microwave field wih=1/n* in-
W= —(/0.18)%°[cm™* GHz **]. (4 duces the resonant dipole coupling:

For example, a frequency of 12 GHz should give a resonance

16 cm* below the ionization limit. This relationship be- In,l)—=[n+1l+1)—|n,l+2)---, (5

tween the applied microwave frequency and the observed
energy of microwave induced resonant enhancement washich causes population transfer to longer-lived high-
tested by collecting a series of spectra using microwave frestates. Once the initial spreadingldias occurred, the low-
guencies from 12 to 20 GHz. Figure 3 shows the position oktates act as a drain, and the microwave field should be
the observed resonance in each spectrum plotted as a furichned off. However, in anything other than atomic hydro-
tion of the 2/3 power of the applied microwave frequency.gen, a modest microwave field at a frequencyawst 1/n®
Agreement with Eq(4) is exact to within the experimental only provides the requirefh,l)«|n+1,+ 1) resonant cou-
error (which is dominated by the uncertainty in the laserpling for highd states, since the optically accessible lbw-
wavelength calibration states have nonzero quantum defects, and their transitions do
A potentially important application of this microwave not occur atw=1/n%. In other words, the resonance condi-
enhancement technique is the determination of ionization paion cannot be simultaneously satisfied for both low and
tentials. By measuring the photon energy at which a resohighd states. Thus the presence of no or little enhancement
nance appears, and adding the energy given by(dgthe  with zero dc electric field is perhaps not surprising.
energetic threshold for ionization would be determined. Two  Experimentally, we observe that the dc field required to
spectra, taken with different microwave frequencies wouldsee a microwave effect is approximately the magnitude of
be sufficient to identify the resonances and confirm their exthe Inglis—Teller field 1/(8%) (in atomic unit$?) at then
pected shifts. Given the sharpness and symmetry of the olwvhere the resonance is observed, and that this field decreases
served resonances, one should expect less ambiguity thavith increasingn (decreasind ). If the dc field exceeds the
with a traditional extrapolation, using a series of PFI-ZEKE Inglis—Teller field, the lowel-states are mixed into the Stark
spectra taken with different dc electric field strengths. manifold, making the Stark states optically accessible. If the
In order to observe the microwave enhancement peaktark states were all composed of equal parts of highe
discussed previously, we found experimentally that a smallow-| character, they would all be equally easy to excite op-
dc electric field must be presefite., Fig. Zb) was taken tically and have the same predissociation rates, and driving
with a field of 1.2 V/cnj. This is explicitly illustrated in Fig. transitions between them would have no effect. However,
4, which shows that without a field the resonance does natven in hydrogen, only thestates are evenly spread over the
appear. Above a certain dc field strength, the signal at th&tark states, all othef states are spread nonunifornify.
center of the resonance does not increase, although the resddding a finite sized ionic core makes the uniformity of the
nance widens spectrally. However the center of the resdow-l distributions worsé? and in a molecular system in-
nance does not shift, still obeying the simple relation giverterseries coupling further complicates the probfénin
by Eq. (4). short, it is reasonable to expect the most optically accessible
If the dc electric field were not required to see the mi-Stark states to have short lifetimes so that coupling them to
crowave enhancement, our results might be relativelyother Stark states with a resonant microwave field will
straightforward to explain: the laser excites the molecule to éengthen their lifetimes.
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We are now led to the question of why there is a resodengthen lifetimes to the microsecond time scale required for
nant microwave coupling of the Stark states. In the case afmany experimentssee, e.g., Ref. 19
hydrogen, Stark states of the samare not dipole coupled. )
Although there is not a rigorous dipole selection rule for ~ 1he authors thank M. Noel and H. Helm for useful dis-
transitions between hydrogenic Stark states of adjaoent CUSSions, Zhijun Kou for experimental assistance, and W.
there is a propensity for couplings wittk= + 1, wherek is Griffith for use of theSALs_A compl_Jter program. _Th|s work
the Stark quantum numbgsee Eq(65.1) of Ref. 16. Since  Was supported by the Nat_lonal Science Foundation. J.D.D.M.
Stark states differing im by one, and differing irk by one, ~ acknowledges the financial support of NSERCanada
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