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Resonant hot-electron production in above-threshold ionization
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We have observed surprising detailed structure in the photoelectron kinetic-energy spectrum of xenon under
high-intensity short pulse conditions. We show that most of the photoelectrons with kinetic energies from 0—50
eV result fromresonantprocesses at intensities up to .80 W/cn?. In particular, we find that the high-
energy photoelectron structure in above-threshold ionization is actually composed of narrow individual peaks
whose energy positions do not shift with intensity. The amplitudes of the structures change rapidly with
intensity and turn on at different specific intensities. While those structures appear to be due to resonances, they
cannot be attributed ttraditional Rydberg transient resonances.
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PACS numbgs): 32.80.Rm, 32.80.Fb, 32.80.Wr

When an atom is exposed to intense radiation, the simulregions. Our measurements represent an enhanced level of
taneous absorption of many photons becomes probable. Agsolution and signal-to-noise ratio for high-intensity photo-
the light intensity is increased the dominant ionization pro-electron studies.
cess occurs via multiphoton ionizatioMP1) and subsequent ~ Narrow structures in the photoelectron kinetic-energy
above-threshold ionizatiofATI) [1,2]. The latter process is Spectrum have been routinely seen for low kinetic energies
characterized by the absorption of additional photons in thé&nd short pulse excitation. In 1987 the pioneering efforts of
continuum. The corresponding photoelectron kinetic-energyeéeémanet al. [11] showed that in the limit of short laser

spectra exhibit peaks that are separated by the photon eHuIse_:s, where the photoelectron does .not sample the spatial
ergy. gradients of the laser focus, the resulting electron spectrum

Recent experiments by Walket al.[3] and Paulugt al shows dramatic structure. This structure arises from the ac

[4] have revealed the production of hot electrons with kineticStark shift of the atomic levels producing multiphoton reso-

. : . nances with harmonics of the laser field. Each ATI order
energies as great asU}, whereU, is the ponderomotive

energy[5]. The semiclassical explanation for these data in_breaks Up into a series of narrow peaks corresponding to

X L resonances with different Rydberg states. Each peak appears
volves the “simpleman’s theory” or “quasistatic model” of y 9 P PP

A h vi field ionizati at a fixed kinetic energy corresponding to the precise inten-
ionization [6-8]. Both view strong field ionization as con- gjy at which the atomic level shifts into resonance with the
sisting of two independent step$) an electron tunnels into

i - Y laser. A transient state with an initial ener§y above the
the continuum at restji) the subsequent electron motion is 4.5nd state produces photoelectrons with kinetic energies:
governed by classical mechanics for a charged patrticle in an
oscillating electric field. This idea has been very successful
in describing the essential physics behind much of high har- E=miw—IP—(nhow—E,), (h)

monic generation; however, for ATI the model predicts a

maximum kinetic energy of @, [7] and must be modified to \yherelP is the field-free ionization potential relative to the
incloude backscatteringd,10] in order to create hot elec- ground staten indicates the harmonic at which the reso-
trons. nance occurs, anth (>n) represents the total number of
The purpose of this paper is to present photoelectrophotons absorbed during the ionization. This expression is
kinetic-energy spectra showing prominent features at higlvalid in the limit where the atomic levels shift ponderomo-
kinetic energies that cannot be explained by simplemantively and the small shift of the ground state is neglected.
rescattering theory draditional ATl via Rydberg-state reso- The principal implication of the Stark-shifted resonance
nances. Three different and unexplained effects have beanodel is that photoelectron kinetic energies are fixed due to
seen (i) We observe narrow dominant structures near 20 eMhe multiphoton resonance occurring at a single laser inten-
in the photoelectron kinetic energy spectra for xenon thasity for each resonance. Thus, any electron-energy structure
indicate resonantionization even at intensities as high as that does not shift with laser intensity must be due to some
1.9x10* W/cn? and ponderomotive potentials above 10type of resonant process.
eV. (ii) We find broader peaks near 35 eV comprised of at We have recorded high-resolution spectra over the inten-
least two separate series of ATI peaks that do not shift wittsity range near Id Wi/cn? in fine intensity steps. Our data
laser intensity (iii) We measure large enhancements in theshow surprising structure within each ATI order for kinetic
electron production for kinetic energies near 20 and 35 eVenergies up to 50 eV. Furthermore, we see additional sub-
The structures turn on within a very narrow intensity rangestructure near 20 eV, which does not appear in the 35-50-eV
between 1.2 and 1010 W/cn?. Similar effects are also range. If these features resulted from nonresonant ionization,
observed in argon and krypton in different kinetic-energythey would have to shift to lower kinetic energies as the peak
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intensity increased. In contrast, our measurements show that
no such shift occurs and that the hot electron features appear
over a small intensity range, indicating@sonantionization
process. Traditional Rydberg transient resonances account
unambiguously for the low-energy photoelectron structure
found in experiments using linearly polarized light. For
800-nm light, Rydberg-state resonances yielding kinetic en-
ergies up to the B, point can be clearly identified. Re-
cently, the envelope of the electron signal beyond}, has
been attributed to inelastic backscattering. Very little atten-
tion, however, has been paid to the ATI structure in the re-
gion above 2, [9].

The spectra presented were obtained using a Positive 102" e
Light, Inc. Ti:sapphire laser system operating at a 1-kHz rep- 10 20 30 40 50
etition rate. The 120-fs, 800-nm output pulses have an en- Kinetic Energy (eV)
ergy of 700uJ per pulse and are plane-polarized. Using a
25-cm focal length lens, intensities up to * 90" W/en? FIG. 1. Photoelectron spectrum of xenon with 800-nm, 120-fs
can be achieved inside the interaction chamber. A traditiondfu!ses at 1.5%10" wicn.
measure of the relative dominance of tunneling versus mul-
tiphoton effects is given by the Keldysh parameter
= \/m wherelP is the ionization potential and, is tally observed signal enh:_:mcement between 15 and 50 eV is
the ponderomotive potential. For xenon and the intensityt e@st an order of magnitude larger than any current model
range considered here we have 0.#34<0.897, placing our Predicts. _ _
experiment very slightly in the tunneling regime. _The low kinetic-energy region consists Qf_ clear ac Stark-

The shot-to-shot TEN, mode intensity fluctuations are shifted Rydberg states, which can be |dent|_f|ed up to .12 ev.
less than 5%. The kilohertz repetition rate allowed aCQUiringgEe structure conS|_st§, r01f ;[hg Stf‘f"tﬁi colmr:ng 'hm?] nt;ne—
a minimum of x10° laser shots per spectrum. The high . otor? resonance with the laser fig ].' Alt r:)ug tle a
count rate yielded a statistical error on the order of 2% in th sic_photoionization processes producing these electrons is

£ 20—60 eV. which indicates that the ob elieved to be understood, there are in fact many subtleties
energy range ot 29-00 eV, which indicates that th€ ObServeg, ; 4rq unexplained. This fine structure continues at higher

features are well above the noise. The photoelectron signal |§e(ic energies; however, it becomes extremely difficult to

recorded with a standard time-of-fligit OF) spectrometer, e assignments due to rapid variation in amplitude of the
and is detected with a pair of microchannel plates. The timej,e structure for different ATI orders.

resolution is 150 ps/bin, yielding an energy resolution of 0.4 Figure 2 shows the intermediate-energy region of the
meV for 1-eV electrons and 65 meV at 30 eV. The ultra-spectrum. The well-ordered Rydberg structure gives way to a

high-vacuum spectrometer operates at a background pressigéries of narrow peaks that cannot be simply identified with
of 2x1071° Torr. The acceptance angle of the detector is 3°.

Spectra at different intensities have been recorded using

107 3

102° -

Electron Signal (arb. units)

intensity-selective scannin@SS). This technique has been 1.4x107"®

described elsewhergl2]. Briefly, a 500um pinhole is ]

placed at the front of the TOF tube and only electrons trav- 1.2

eling on the line of sight from the ionization volume to the ) ]

detector are measured. This technique yields data from a S 1.0

one-dimensional radial intensity distribution, thereby reduc- g ]

ing some of the problems associated with spatial averaging % —_— Bl

over the entire laser focal volume. By scanning a pinhole g 7

across the Gaussian ionization volume, specific peak intensi- (,9,’ 0.6.]

ties can be selected with high precision to produce an excel- g~ 4

lent signal-to-noise ratio. B ]
Figure 1 shows a high-resolution photoelectron kinetic- 5 4]

energy spectrum of xenon from 2—-50 eV. The spectrum con- ]

sists of three basic region§) 2—-11 eV with well-defined 0.2

Rydberg structure(ii) 11-28 eV with narrow structure ap- ]

pearing as a function of intensity, arfii ) 28—50 eV with 0.0

prominent “bumps” comprised of a number of ATI orders 20 24 28 32 36

appearing as the intensity increases. It should be noted that Kinetic Energy (eV)

the overall envelope of the electron signal does not mono-

tonically decrease as predicted by various theoretical models. FIG. 2. Photoelectron spectra of xenon with 800-nm, 120-fs
Although some calculations produce modulations in thepulses at(1) 1.51, (2) 1.63, (3) 1.74, (4) 1.82, (5) 1.88, and(6)
spectrum for various kinetic energif$,13], the experimen-  1.90<10* W/cn?.
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a resonant process must be dominant since the individual
peaks do not shift with laser intensity. Within the limits of
our energy calibration, Rydberg states of the ion cannot be
aligned with the measured structures. The saturation inten-
sity for ionizing neutral xenon with 800-nm and 100-fs
pulses is approximately>810'® W/cn? [15]. Although our
measurements are above the saturation intensity, ion yield
measurements made in our laboratory show that double ion-
ization is not prominenfl16]. Even though the number of
double ions is small, it is still possible that portions of the
photoelectron spectrum arise from double ionization but not
by way of anytraditional resonant mechanism.

Two key issues must be resolved. First, a process must be
found that describes the resonant production of structure at
high electron energies. Second, a mechanism for enhancing

LN LR B HLURL L LU B specific kinetic-energy regions must be found.
30 35 40 45 50 5 We propose a possible scenario for the production of nar-
Kinetic Energy (eV) row features at high energies involving multiply excited
states. First, the issue of the fine structure could be dealt with

FIG. 3. Photoelectron spectra of xenon with 800-nm, 120-fsthrough a combination of multiple excitations of the atom in
pulses afa) 1.26,(b) 1.44,(c) 1.51,(d) 1.63,(e) 1.74,(f) 1.78,(g)  the intense field. For example, an outer electron may be
1.82,(h) 1.86, and(i) 1.88x10"* Wi/cn?. “shelved” in a Rydberg state and survive to higher intensi-
ties[17]. While the first electron remains far from the core, a
remaining outer-shell electron can absorb a modest number

atomic levels. One of the difficulties in the hot electron por-©f Photons and be excited to the family of doubly excited
tion of the spectrum is calibrating the energy scale from thettes that exists in the heavier noble gases converging on the
measured time-of-flight data. Small variations in the timefirst double-ion limit. _Subsequent autoionization will pro-
offset have dramatic effects in the higher kinetic energiesduce narrow features in the kinetic-energy range from 10-20
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This not withstanding, we are unable to link the high-energ V. Recall that this. is the region _marked by narrow features
structures to the low-kinetic-enerdly or g states or other that cannot be assigned to traditional Rydberg resonances.
Rydberg series. It is interesting to note the region between 20 1€ eénhancement between 30 and 50 eV could be due to
and 30 eV. The photoelectron structures appears to vani<h §|m|lar process. The dlfference is that an mner-shgll exci-
and reappear at higher energies. This is possibly a manifel8tion must be invoked in order to produce energies that
tation of the interference involving returning portions of the Nigh- One scenario involves the excitation of one of tise 5
ionized wavepacket. electrons in xenon. Thess~ 5'p eXC|tat|qn requires about 11 '
The high-energy portion of the kinetic energy spectrum isphoto_ns at 800 nm. As mentloned earlier, the enhanc«_ament in
shown in Fig. 3. At intensities of(1.26—1.74x10% this hlgh-_energy region is made up of at Iea;t two different
Wicn?, the envelope of the spectra exhibits a bump, Cenpeak series. Both_ features turn on very rapldly as soon as
tered around 34 eV. Overall, there is a large modulatiorf?réshold intensities of 1.20 and 170" wien? are
depth and the individual peaks are separated by the photdffached for the bumps centered around 34 and 42 eV, respec-
energy. Although we have sufficient resolution, fire struc- tively. In addmpn, the_ onset of very sharp strong features in
ture is detected within the ATI orders. The peaks in the rangd® 20-€V region coincides with the growth of the 42-eV
28-40 eV increase in amplitude as the intensity risesPUMP- Thus, the underlying physical process responsible for
but they do not shift in energy. As they grow, shouldersfhe high-energy bump could be linked to the intermediate-
develop on the higher-energy side. At intensities abové&Nergy structures. _ _
1.74x104 Wicn? the peaks below 36 eV appear to saturate, " conclusion, we have observed prominent structure in
while signal for the higher-energy electrons grows rapidly,the hot electron prod_ucuon in h|gh.-|ntenS|ty photoionization
indicating the enhancement of a second series of peakQf xenon. The k|net|c-¢nergy regions near 20 gnd 35 ev
These peaks seem to rise out of the shoulders that developéhow an enhancement in electr'on production. It is clear that
in the first bump. While the peaks within each bump are? "€sonant process must be involved due to the lack of
exactly separated by the photon energy, there is an enerﬁnetlc-energy shifts with laser intensity. Finally, we propose
shift of about 0.5 eV between the two series. This supportd'at theé mechanism involves coupling to other valence or
the observation that at least two distinguishable series dénner-shel! electrons. Much wqu remains to be done on bOFh
velop as the intensity increases. The intensity regime abov%:e experimental and theoretical sides in order to explain
1.74x 10" Wicn? also corresponds to the appearance of thé'€S€ pPhenomena.
intermediate kinetic-energy peaks, as shown in Fig. 2. At the
highest intensities, there are statistically significant small The authors would like to acknowledge fruitful discus-
peaks between the dominant structure around 46 eV. Thisions with Professor Phil Bucksbaum and Marcus Hertlein.
may be the onset of an additional series of peaks that i$his material is based upon work supported in part by the
different from the first two. U. S. Army Research Office under Grant No. DAAH04-95-
No explanation exists for the observed structures. Clearly]l-0418.
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