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Wavelength dependence of multiphoton ionization of xenon
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We have studied the multiphoton ionization of xenon atoms by 160 fs pulses at intensitiesl6t%and
1.3x 10 W/cn? and present photoelectron kinetic energy and angular distribution spectra measured with a
photoelectron imaging spectrometer. A noncollinear optical parametric amplifier allows us to tune the wave-
length of the laser pulse over a range between 500 and 700 nm. Resonant and nonresonant processes as well
as channel switching effects have been observed in this intensity and wavelength regime. Mainly resonant
(5+1)-photon ionization vians, nd, andnd’ Rydberg states was studied in the region of 505—602 nm. Reso-
nance structures were found related to the two fine structure ionization chanriéB %eand X& 2P, . In
addition the(6+1)-photon resonant ionization and nonresonant 5- and 6-photon processes could be studied.
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[. INTRODUCTION mum in thens— ep transition. Also Rottkest al. [11] studied
the intensity dependence of the photoelectron spectrum with

T_he study of multiphoton |o_n|zat|o(1\/IPI) PTOCESSES, €5~ 700 fs pulses and 526.5 nm wavelength. They observed ion-
pecially of noble gas atoms like xenon, for different laser.

. . A ization into the Xé ?P,,, and®P,,, fine structure states.
m(;ensmes and ;Navelengtl“[i—G]dhas l?d to a s&gmflcant Only little work hasgzbeen dg%e in the wavelength range
advancement of our understanding of atomic dynamics i B . e 3

strong fields in the last decades. Aron and Johr{Sordis- 500650 nm and intensities betweeriaand 16°W/cn?

e S 1,12, where MPI is the dominant ionization mechanism.
covered that the photoionization yield is resonantly enhance ; L
. ) : e cover this regime in our work and present photoelectron
when a laser excites intermediate states of xenon. Experi-

ments made by Agostiret al. in 1979 [8] revealed that an energy  and angl_JIar spectra for wavelengths - between
” ... 505 to 636 nm using 160 fs pulses. We made the measure-
electron can absorb additional photons after the ionizatio

. ; o 5
process in the so-called above-threshold ionizatiéil) Thents for two different pulse peak intensitiesx 0% and

process. In further experiments fine structure was found ir:ll"3>< 10" W/cr?. The combination of a photoelectron im-
the electron energy distribution and could be explained bfl ging spectrometel3] and noncollinear optical parametric

transient resonances of ac Stark shifted Rydberg siai€ls amplifier (NOPA) [14-1 systems allows us to measure the

The ionization of the heavier noble gases leads to two ioni(\:/vavelength dependence of the MPI processes with the cor-

- . ~ Tesponding energy and angular distributions of the photo-
ground stattzas. In the case of the"™en the two fine struc- |- 0o study of the frequency dependend® ofl)-
ture levels, Py, and °Py,, have an energy difference of and (6+ 1)-photon resonant ionization allows an identifica-
1.31 eV. Most studies of xenon in short pulse MPI experi- P

ments are focused on ionization into tﬁé& channel and tion of the excited states involved in the ionization mecha-
resonance enhancements due to excitltzad states with ism and enables a detailed insight into atomic dynamics in

5p° 2P, ion core. lonization into théP, , channel was pre- >"°"9 fields.
viously studied by Helm and Saeéi0] using 1 ps pulses,
intensities of (1-5 X 10 W/cn?, and wavelengths be- Il. EXPERIMENTAL SETUP

tween 308 to 344 nm. They observed four-photon ioniza- We use a Ti-sapphire laser systé8®0 nm, 100 fswith a

tion into both fine structure ionization channels. Bordaal. chirped pulse amplifier to pump a homemade NOPA system

[4] ngerfo::;ed- experiments at intensities of1-5 (ﬂelivering wavelengths between 500 to 700 nm at pulse en-
x 10" W/cm* with a nanosecond dye laser and observed, gies from 10 to 3QuJ. A monochromator is used to deter-

three photon resonant four photon ionizgtio_n of xengn. Thesgine the wavelength distribution within an accuracy of
authors observed that the final state distribuf®3,,/*Py, 35 nm. with a spherical mirror, the linear polarized beam
closely mirrors the core character of intermediate state resqz ¢ycused into the imaging spectrometer. The focal region
nances fond andnd’ states. However, they observed a Sup-renresents a point source of photoelectrons. A static electric
pression of the core character fos and ns’ intermediate  gie |4 (525 v/m) projects these electrons onto a multichannel
states, which they identified as being due to the Cooper mlnlf)late (MCP) with a phosphor screen attached. The fluores-
cence of the phosphor screen caused by the impact of the
electrons is recorded with a computer based CCD video cam-
*Electronic address: patrick.kaminski@pluto.uni-freiburg.de era. This picture gives us the possibility to extract the angu-
"Electronic address: bernd.witzel@phy.ulaval.ca lar and energy distribution of the electrons. Typical experi-

1050-2947/2004/18)/0534139)/$22.50 70053413-1 ©2004 The American Physical Society



KAMINSKI et al. PHYSICAL REVIEW A 70, 053413(2004)

simulation measurement simulation measurement
"""""" = al 08 Max.
rA of B 06 —
§' | g 2l ’-‘ 04 &
g i ' A\ 102 § FIG. 1. Comparison between simulation and
:g : ?o L ( {o é experiment.(A) The raw photoelectron image.
8 " 8 W \" {02 (B) The polar plot of the electron momentum dis-
8 . § : : + 1 04 § tribution after Abel inversion ofA).
i 06
[ 558nm [ 8| s58nm 08 i
0200 400 600 800 "
CCD - pixel

mental results are obtained by summing the electron signdlition procedure. Each observed concentric ring in Fig. 1
from more than 300 000 single laser pulses. By changing thbelongs to a group of electrons with the same value of mo-
direction of the electric acceleration field the spectrometer isnentum and can be assigned to an ionization channel related
also suited to measure the time of flight spectrum of ionsto the population of a resonant intermediate Rydberg state.
The detection efficiency of the ion yield measurement is op-Additional rings appear in the images because of above-
timized with a higher electric acceleration field of threshold ionization. The distance between the ATI peaks
4500 V/m. For the laser intensities used in our experimentsorresponds to 2.2 eV, the energy of one photon at 558 nm.
no doubly charged xenon ions were observed even at thBue to the fine structure splitting of the ionic ground state,
maximum xenon partial pressure of ®@nbar. In order to we observe two different ATI series. These series are sepa-
avoid space charge effects, the electron distributions are reated by 1.31 eV the energetic difference between’thg,
corded at partial pressures betweerr®:d0°8 mbar. The and?P,, fine structure states. The width of the experimental
measured raw photoelectron images are Abelian transformeslectron distribution appears wider because the Monte Carlo
[17]. The statistic of the electron signal is optimized by asimulation assumes resonant population of a singlé&$d-
factor of 4 by a symmetrization routine. The polarization of berg state only. The good agreement between experiment and
the laser beam is parallel to the MCP detector and perpersimulation allows us an absolute calibration of the momen-
dicular to the static electric field. The distance of an observedum scale. This calibration is verified by the measurement of
photoelectron structure to the center of the phosphor screghe energy difference of electrons originating from different
depends linearly on its momentum perpendicular to the diATI processes. The difference in kinetic energy of the ATI
rection of the electric field. The well resolved ATI structure orders of a MPI process is given by the photon energy, i.e.,
allows an accurate momentum calibration verified with a2.46 eV for 505 nm, 1.95 eV for 636 nm and the radius of
Monte Carlo simulation of the experiment. the rings is proportional to the square root of the kinetic
energy of the electrons. Both techniques are used to identify

the resonant states shown in Figs. 5 and 6.
Ill. ENERGY CALIBRATION OF THE IMAGING

SPECTROMETER

. . . . IV. RESULTS
The energy calibration of the electron imaging spectrom-

eter is carried out in two ways. First, we compare a recorded
electron spectrum at 558 nm with the result of a Monte Carlqas

simulation. Only the electron angular distribution and the

tio bet both ble ionizati h %ﬁg d want to give an overview of the observed processes. A de-
ga 10 between Doth possible lonization channsery,, an tailed discussion of the different ionization channels is given
P, are used as an input from the experimental data. For th

R . . " the next section. The structure appearing in the trans-
angular distribution we use the fit parameters obtained Normed photoelectron imagesf. Figs. 2 and Bcan be un-

Ieast—;quarelﬂtpilfrq[rrr: an eXp"’?”S'O? Iln Legenq[re poWnoTrl]alaerstood by resonant or nonresonant MPI processes. For the
(see Sec. other experimental parameters, €.9., M, qification of these two ionization paths in the observed

dete_x_:non system, the spt_actral bandwidth of the laser, th lectron momentum distributions, the intensity distribution at
position of the laser focus in respect to the detector as well 8% laser focus must be taken into account

the static electric field, are included in this simulation. The

number of electrons used in the simulation is comparable to

the number of electrons detected in the experiment. We as- A. Resonant ionization

sume a population of thedéRydberg state during the ioniza-

tion process and neglect any laser induced ac Stark shift. Excited intermediate states as well as the ionization
Figure ¥A) shows a simulated raw photoelectron image onthreshold are pondermotively shifted by the electric field of
the left half and the experimentally observed image on théhe laser pulse. At the very low laser intensities used in this
right half. We include the digitalization function of the CCD experiment, the shift is small compared to the energy of a
camera, allowing us to present both images in units of pixelsingle photon. In the case of a resonémt1)-photon ion-
Figure IB) is a comparison between the experimental resulization process the kinetic energy of the observed electron is
and the corresponding simulation after the Abelian deconvogiven by

Electron momentum distribution spectra are recorded for
er wavelengths in the region of 505 to 636 nm. First we

053413-2



WAVELENGTH DEPENDENCE OF MULTIPHOTON.. PHYSICAL REVIEW A 70, 053413(2004)

8 [ 1 0.8 8 | . {1 08 8 [ 4 0.8
:: 106 2: 108 2: .. 106
Sal —— {048 Fa2l A 1048 Foi 104 &
= = A A
tr ozg r k -ozg Tr T R —ozé
EO . 0 E go o 0 E ED -Og
o2 E g \ - {02 E § \ S’ / Jo2 E
1t 1} 11 -
52- ol -o.4§ 22} N -o.4§ 22} v -o.4§
4 | ] 4 © 4 e ] ©
e {08 6l o 1 06 6 | 06
8 i 08 8 {08 8 1 08
505nm 514nm 523nm
sl 08 al 108 sl 108
6 r ¥ 6 | 6 |
4l g 08 ol e _0'6'5' ol ! 3 06
a2t —— 048 Fof o~ {048 Fof & o 04 S
P 02 21T { 02 =217 02 §
3 o~ 2§ B ' 2§ B - H
£0 o g So o 2 - . —og
S 02 E ) Jo2 B - | &2
1+ 5 1 5 11 §
$2¢ e 4§ Sz et {oa§ 827 Rz 04 §
4t —— 06 S 4t - log™® 4t o 06 S
6 " ; 6 ; 6l b
8 0.8 8 i 08 8 0.8
526nm 535nm 544nm
8 [ 1 0.8 8 [ 4 0.8 8 [ 0.8
6 6 6
3 {08 {08 08
4 r i L= 4+ - - 4l =
a2t 04 & $2t losa & Szt —— 04 &
E" / \ {02 § §1’ A {02 § §1’ ‘“\ 02 §
so0f ° -og §00 o§ 50 s : og
gi- N/ -o.2§ §1> \ / -o.z‘E §1» - tug
§2r 04 32 1 04 22¢ - 04
4 - N 3.3 log™® 4t . g log™® 4 r - 06 ©
6 - 6 - 6 -
8r 108 81 i 08 81 0.8
548nm 555nm 558nm
8 I 1 0.8 8 | 108 8 | 0.8
f: 108 :: : 108 = 2: 08
Sal . 04s Sal — loas 52l - 04 8
1t A 1t 1t
{02 & A 1 02 B e 02
Eo- —OE 2o -OE 2o 0
51_ o' o.zE §1_ R— -oz‘E §; e ozg
s 21 S— 04 25 e 104 i - 04
4| log™® 4l " log® 4| 08 ©
6 3 i 6 : : 6 :
8r {08 8 r i 08 8r 0.8
568nm 571nm 577nm
8 | 41 08 8 | 08 8 I 08
8 6 r 3 8 AR ¢
pl 108 - ol $ 08 il 2 06
32} A {048 Tl 048 Fal 04 &
270 Loz & 2710 e 230 o E
E é E . 0.2 g 0.2,2
50¢ o g S0t og g0 o &
g lo2 € § * 02f § loz2 €
1} 5 §1- 4 s §1- s
g21 -~ {04 § Bz {oa g 32 b {os 8
4| ] ® 4t s 4t ' i ®
pl 08 p- 3 06 ol 5 Ak 08
8r i 08 8 i 08 8 0.8
602nm 613nm 636nm

v, Ve

FIG. 2. Polar plots of the electron momentum distribution recorded at various wavelengths and an intensitytf\&// cn®. The laser
polarization is directed along the vertical axis of the figure. The laser wavelengths are indicated below each image.

Ee=hv—(Vign— ER), (1)  consequence a new ionization channel opens. After the exci-
tation, only one additional photon is needed to finally ionize
whereV,,, is the energy of the ionization threshold aBd  the atom. Due to the inhomogeneous intensity distribution at
the energy of the resonantly excited state. By increasing thtéhe laser focus, both regimes will result in a sharp electron
laser intensity a Rydberg state can shift into resonance witBnergy distribution, because the shift of the Rydberg state, as
the n photon dressed ground state, populating this Rydbergvell as the ionization potential, are roughly equal and the
state for a specified laser intensity and wavelength. As aluration of the laser pulse is short compared to the time the
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FIG. 3. Polar plots of the electron momentum distribution recorded at different wavelengths and an intensity 133 \&//cn?. The
laser polarization is directed along the vertical axis of the figure. The laser wavelengths are indicated below each image.

electron requires to leave the focal region. Figure 4 showsances, that can be excited we use the Racah notgt&n
the unperturbed energy levels of xenon. The solid curve$2P3C)nI[K]§. n is the main quantum numbel, is the angular

give the energy of 5, respectively, 6 photascluding the

momentum of the X&ion core, which couples with the or-

ac Stark shift and helps to identify the populated Rydberg bital angular momenturhof the Rydberg electron giving the
states for a given wavelength. As an example we show thgquantum numbeK. The ground state of the xenon ion is
states accessible at 558 nm. This transition is symbolized bglways a’P state which stands for an angular momentum of
the arrows. For the more detailed discussion of the resol and a spin multiplicity of 2. Therefore we have two fine

6
™ 156
*7

14.0 0%
W, 2
E \%2 P . .
13.5 1z FIG. 4. Energy level diagram for both fine
13.0 structure state&,;, and®P, , of xenon. Only the
125 states that are relevant for the interpretation of the
’ photoelectron spectra are shown. The solid curves
12.0 represent the energy of 5, respectively, 6 photons
= 15 in dependence of the wavelength for the two dif-
o, ferent peak intensities %610 W/cn? and 1.3
2 1.0 X 101 W/cm?, including the ac Stark shift given
© 105 by Eg. (3). The influence of the temporal and
& 100 spatial intensity distribution of the laser pulse is
demonstrated by the dashed curve. It shows as an
9.5 example the energy of 5 photons including the ac
9.0 Stark shift, when the intensity of the laser is
85 1/€? of the peak intensity,. This leads to con-
) tributions from different ionization channels.
8.0

wavelength [nm]
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FIG. 5. Kinetic energy spectra of the photoelectrons &t182 W/cn?. The wavelength was varied between 505 to 636 nm.
structure statedP,,, and ?P,. The coupling ofk and the

(2)
spin of the electron then gives the total angular momentum o .
quantum numbed. With aJ.=3/2 core and absorption of an for the kinetic energy of photoelectrons. Hereis the num-
odd number of photons, four differerd states namely Per of photons required to ionize a xenon atom ahdthe
(2PY,)nd 1/2,3/2% and(?P,)nd5/2,7/23 and onesstate ~ Ponderomotive shift. The shift can be calculated by the equa-
(?P3,,)ng3/2]% can be populated. If the angular momentum 0N
of the ion core is 1/2 only the(*PS,)nd'[3/2]3,
(PS,)nd’[5/2]3, and (°P%,,)ns'[1/2] intermediate states
can be reached.

Ee=mhv = (Vigh + Up)

UpleV]=9.33x 10" M [W/cmP N[ um?]. (3)

For the peak pulse intensities used in this experiment the
maximum shift lies between 0.1-0.4 eV. According to Eq.
(2), electrons born at different laser intensities appear at dif-
ferent photoelectron energies. As a consequence of the inten-

B. Nonresonant ionization
In the nonresonant case we obtain
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FIG. 6. Photoelectron kinetic energy spectra for wavelengths between 510 to 560 nm and an intensity16f3\8/ cn?.

sity distribution at the focus we expect a broader electrorthis procesg6]. For wavelengths higher than 505 nm lower
distribution. This effect is most pronounced at low electronexcited states are shifted into resonance and the photoelec-
energy. This can be seen, respectively, in Fig. 2 at 505 nntron yield of the nonresonant 5-photon process drops dra-
for the 5-photon, and at 602 and 613 nm, for the 6-photormatically. Then the resonance enhan¢ge 1)-photon ion-

nonresonant process. ization plays the leading role. Tuning the system to a higher
intensity of 1.3< 10' W/cn? raises the ponderomotive shift

V. DISCUSSION OF RESONANT by a factor of 2.6. This means that the nonresonant ionization

AND NONRESONANT PROCESSES channel closes at a lower wavelength and therefore we ob-

_ serve nonresonant ionization only at 510 and 514 nm. We
The used wavelengths allow the observation of nonresogannot see nonresonant 5-photon ionization at 520 nm and

nant ionization(with 5 and 6 photonsas well as resonant higher wavelengthsFig. 3). The 6-photon nonresonant ion-
(5+1)- and (6+1)-photon ionization processes. Thereforejzation channel was monitored at 602 nm for 5
the following chapter is divided in three parts. Experimentalx 1012 W/cn?, leading to 0.12 eV photoelectrons. As shown
results were taken at two different laser intensities, % i Fig. 4 the process overlaps with tli&+1)-photon reso-
and 1.3<10** W/cn¥. Whenever it is necessary the influ- nant jonization via 8 Rydberg states, so relative broad struc-
ence of the laser intensity is discussed in the same part. tyres appear in the image and the photoelectron kinetic en-
ergy spectra. At 613 nm the signal of the photoelectrons
A. 5- and 6-photon nonresonant ionization which ionized into this channel is much weaker and at

Due to the temporal and spatial intensity distribution in636 nm the 6-photon nonresonant channel is closed.

the laser focus, 5-photon nonresonant ionization plays a role
at wavelengths which are lower than multiphoton reso-
nances, as seen in the results for 505, 514, and 523 nm, for
5x 102 W/cn? leading to low kinetic energy electrons  Experiments are carried out at two different laser intensi-
(circlelike structures in the center of the images in FigA?  ties, 5x 10*? and 1.3x 10" W/cn?.

505 nm also high Rydberg statgsvith n=12) can be ) )
reached with 5 %hoto%éseeg Fig. ; but the nonresonant 1. Discussion of the results & X 10" W/cn

ionization is the dominant process, because of the broad In the case of &5+ 1)-photon resonant process an excited
structureless electron energy distribution, which is typical forstate of xenon can be reached with 5 photons and ionization

B. (5+1)-photon resonant ionization: The X¢& 2P,
and ?P,;, channels
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TABLE I. Coefficients of expansion in Legendre polynomiR|g.-o(cog 6)) obtained in least-square fits. The intensity of the laser pulse

is 5x 102 W/cm?.

Wavelength(nm) Bo B2 Ba Be Bs B1o
2P3/2 514 1+0.009 1.773+£0.019 0.909+0.026 0.369+0.031 -0.462+0.036 0.089+0.041
(5+1) photons 523 1+0.021 1.586+0.041 0.773+0.056 0.479+0.068 -0.373+0.078
526 1+0.007 1.370+£0.015 0.912+0.020 0.782+0.025 -0.629+0.028 0.151+0.032
535 1+0.013 1.295+0.025 0.943+0.035 1.368+0.042 -0.377+0.049 0.110+0.055
544 1+0.014 1.482+0.027 0.807+0.037 0.461+0.045 -0.567+0.052
548 1+0.011 1.750+£0.023 0.991+0.032 0.607+0.038 -0.1404£0.044 0.314+0.050
555 1+0.011 1.199+0.023 0.607+0.031 0.884+0.038 -0.485+0.043
558 1+0.006 1.720+£0.013 1.800+0.018 2.150+0.021 -0.230+0.025 -0.037+0.028
568 1+0.026 1.880+0.052 1.520+0.071 1.390+0.084
571 1+0.008 1.590+0.016 1.035+0.022 1.135+0.026
577 1+0.008 2.010+0.016 1.300+0.022 0.824+0.026 -0.071+£0.031 0.071+£0.034
%P, 514 1+0.033 1.448+0.067 0.664+0.091 0.663:0.111  0.531+0.127
(5+1) photons 523 1+0.021 1.640+0.041 1.201+£0.057 0.830+0.069 0.083+0.080 0.199+0.090
526 1+0.010 1.910£0.021 1.164+0.029 0.540+0.034
535 1+0.015 2.230+0.031 1.770+0.042 0.910+0.051 -0.110£0.059 0.243+0.066
544 1+0.013 2.280+0.027 2.100+0.037 1.590+0.045 -0.092+0.051

occurs after the absorption of an additional photon. The kiand therefore the radii of the rings decrease. fI“Iﬁ@z ion-

netic energy of the corresponding photoelectron can be calzation channel closes for wavelengths greater than 548 nm,
culated with Eq(1). We start with the analysis for the im- but structures of th€5+2) resonant MPI process into this
ages recorded at>6102 W/cn? (see Fig. 2 At 505 nm, channel can still be seen in the spectra up to a wavelength of
besides the bright circle in the center of the image due t&68 nm. Finally at 636 nm resonafi+1)-photon processes
5-photon nonresonant ionization of xenon atoms, two convia p- and f-character Rydberg states occur. More detailed
centric rings appear that can be interpreted as ATI. Tuningnformation about the intermediate resonant states of xenon
the NOPA system to a wavelength of 514 nm turns exciteccan be gathered through an analysis of the photoelectron ki-
levels into 5-photon resonance and additional rings appear inetic energy spectra given in Fig. 5 For a better orientation
the images. The ring at 2.2 eV belongs to electrons ionizinghe expected peak positions calculated with #g, assum-

into the °P,,, channel and the ring at 0.8 eV to ionization ing a resonantn+1) MPI process, are also shown in the
into the ?P,,, channel. The two outer rings at 3.2 eV and spectra. The upper marks belong to ionization intoRg,

4.6 eV are the first ATI orders of both fine structure channelsand the lower marks to th&,,, channel. At 505 nniFig.

For higher wavelengths lower excited states are shifted int&(a)] the main process is 5-photon nonresonant ionization
resonance, which leads to electrons with less kinetic energinto thePs,, channel. For higher wavelengths excited states

TABLE Il. B parameters of the expansion in Legendre polynontals-q(cod 6)) obtained in least-square fifpulse peak intensity,

1.3x 1018 W/cn?).

Wavelength(nm) Bo B2 Ba Be Bs B1o
2P3/2 514 1+0.012 2.330+0.024 1.740+0.033 0.827+0.040 -0.110+£0.047 0.132+0.052
(5+1) photons 520 1+0.020 2.490+0.040 2.260+0.060 1.480+0.070 -0.090+£0.080
525 1+0.019 2.110+0.038 1.920+0.053 2.260+0.064 0.124+0.074 0.132+0.083
530 1+0.028 2.010+0.057 1.800+0.078 2.040+0.093
540 1+0.014 1.630+0.028 1.315+0.038 1.246+0.046 -0.690+0.054 0.140+0.060
560 1+0.006 2.050+0.011 1.540+0.015 1.330+£0.019 -0.057+0.022 0.091+0.024
P 514 1$0.040  1.800£0.090  1.160£0.120  0.980+0.140
(5+1) photons 520 1+0.060 2.400+0.110 2.000+0.160 1.200+0.190 0.510+0.220
525 1+0.041 2.690+0.082 1.900+0.113 0.770+0.137 0.584+0.159 0.429+0.178
530 1+0.025 2.300+0.051 2.010+0.070 1.490+0.085 0.710+0.099 0.660+0.110
540 1+0.060 1.890+0.110 1.930+0.150 0.740+0.180

053413-7



KAMINSKI et al. PHYSICAL REVIEW A 70, 053413(2004)

are shifted into resonance ain#l+1)-photon resonant pro- (1.95-245eV)  (1.71-221 eV) (1.51-2.01¢V)

cesses into both ionic fine structure states can be observed.
The closing of the’P,,, channel can clearly be seen in the P

difference of the spectra between 535 and 555 [ifigs. (5+1) photons

5(e)-5(h)]: The main peak in the 535 nm spectrum at 1.7 eV
can be explained with intermediatel and % excited Ryd-

berg states and ionization into tAB,,, channel. Resonance
structures can also be found at 0.43 eV due to ionization into
the 2P,,, channel. At 544 nm the d 8s, and ® Rydberg
states are shifted into resonance and peak structures are
found between 1.1 to 1.7 eV in the kinetic energy spectrum.
lonization of the @ Rydberg state into th&P, , fine structure
state closes at this wavelength, but strong structures belong-
ing to this channel can still be found at 0.3 eV. Tuning the
system to 548 nm mainly Shlfts. thel Gtates into res_onance. FIG. 7. Polar plots of the angular distributions within the energy
The small p.eak. at lower kinetic energy can be Ir.“e.rp.n:"tedrange indicated in parantheses recorded at1B6'? for the
Wlth a cgntrlbutlon of & and Gl'-resonant states ionizing (5+1)-photon resonant ionization into tAB,,, channel. The circles
into the “Py/, channel. Broad structures appear at 602 an}epresent the experimental data and the solid lines the fit with a

[Fig. 5(m)] in the energy interval0 eV, 1 e\. They can be superposition of Legendre polynomials.
explained with 8 resonances overlapping with the 6-photon

nonresonant process. At 636 nm ftfe+ 1)-photon resonant

processes vanishes, because 7 photons of this wavelength are
needed to ionize xenon. Images of the(6+1)-photon resonant process were re-

corded at 636 nm and>10' W/cn? peak pulse intensity.
The image is shown in Fig. 2 and the photoelectron kinetic
energy spectrum in Fig.(B). With the same arguments given
The discussion for the data recorded at 1.3in the discussion of thé5+1)-resonant ionization, the fol-

X 10 W/cn? is similar. We have the bright circles in the 10Wing p andf Rydberg states with ‘2"';3/3 ion core can be
middle of the images in Fig. 3 at 510-520 nm due toezxcned with ) 6  photons: (2P3,2)np[3/2,5/2]2,
5-photon nonresonant ionization. The two inner rings corre! P3INP1/ 2%y, (“P3Nf[3/2,5/2;, (P nf[7/2,9/2,.
sponding to the two fine structure ionization channels and th#) the same way the B, ionic ground state, the
outer rings to their first ATl orders. The expected photoelec{°PS)np'[3/2°], and (P np'[1/2], levels, can be
tron kinetic energy spectra are shown in Fig. 6. The closingeached. We do not obserf&ydberg states with &P, , fine

of the 2P1/2 channel occurs between 540 and 560 nm, bustructure core because of their autoionizing character. We
like in Fig. 5 structures from thé +2)-resonant process into could monitor resonance structures due to contributions of
this channel are sitill visible at the higher wavelength of4f, 8p, and ¥ intermediate Rydberg states.

560 nm.

514 nm 526 nm 535 nm
(0.99-1.49¢V) (0.65-1.156V) (0.33-0.83¢V) (0.24-0.74 &V)

571 nm 577 nm

C. (6+1)-photon resonant ionization

2. Discussion of the results at an intensity df3X 10 W/cm?

VI. ANGULAR DISTRIBUTIONS

3. Contribution of the5d" states To obtain the information about the angular distributions

. . o we integrate the concentric rings of the Abelian transformed
Another interesting aspect are the contributions of thescp images over a radius intervdr—dr,r+dr] (dr

5d'[3/2]; and 5I'[5/2]; resonant states, that should be 0b-_554 mevs for the radius and for angles taken between 0°
served in the intensity and Wa"e'ength region we covered iy, 180¢ in steps of 4°. Fits of the data were performed with
our experiments. Energetically thel’$3/2]; level lies be- superposition of Legendre polynomials

tween the @ and &l states and thed[5/2]3 below the @

states(cf. Fig. 4). Rottke et al. [9] monitored sharp reso- i

nance structures of these states at 526.5 nm. They found the 1(6) = 2 BaPaim=o(COK0), (4)
5d'[3/2]9 resonance at an intensity of 2¢3.0** W/cn? and k=0

the 50'[5/2]3 at 3.5x 10*3 W/cn?. This is in good agree- where is the angle between the laser polarization axis and
ment with our observations. We find very narrow peak structhe electron emission. The fits include only data fér
tures at 535 and 544 nm for510'2 W/cn? [Figs. 5e) and  e[10°,170°9, because the Abelian transformation produces
5(f)], and at 525 and 530 nm for 310" W/cn? [Figs. noise along the laser polarization axis, i.e., around 0 and
6(d) and Ge)] due to a 8l'[5/2]3 resonance. The expected 180 degrees. The3 parameters for % 102 W/cn? are
peak positions of the ® states are marked with triangles. given in Table | and for 1.& 10* W/cn? in Table 1l. Polar
We can also confirm the observatig® that the probability plots for some of the angular distributions are shown in Fig.
of ionization of these states into tRB,, ionic state is low, 7. The plots reveal, that the angular momentum quantum
because we did not observe a contribution of these states intumber of the resonant state has a great influence on the
this fine structure channel. angular distribution. If a state is shifted into resonance, the

053413-8



WAVELENGTH DEPENDENCE OF MULTIPHOTON.. PHYSICAL REVIEW A 70, 053413(2004)

f character of the distribution of the photoelectrons is in-dominant process, except if @5state was shifted into reso-

creased, i.e., transitions withl =1 are preferred. nance. In this case the signal of the photoelectrons ionizing
into the ?P,,, channel was strongly increased.
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