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Multiphoton ionization via four-photon excitation of high-lying Rydberg states in xenon and

krypton has been studied T.he p and f series leading to the P3/2 ionization limits as well as the p
and f' autoionizing levels leading to the P~/2 limits have been recorded for both gases. Lower
members of the p series in xenon are resolved into p [ 2 ]2, p [ z ]2, and p [ z ]0 sublevels. Ionization

potentials and quantum defects are obtained by a least-squares fitting of the data to the standard

Rydberg formula.

INTRODUCTION

The rare gases have served as challenging subjects of
study in atomic spectroscopy. They are characterized by
a fine-structure splitting in the ion core, P3/2 P//2 with
Rydberg series converging to both states of the ion. This
gives rise to a rich autoionizing structure in the energy re-
gion between the ionization limits. The spectroscopic
challenge of the rare gases is due to the combination of
their high ionization limits together with all low-lying
singly excited states in a narrow energy region beginning
not far below the first limit. Hence, earlier spectroscopic
studies of the rare gases consist of vacuum-ultraviolet
(vuv) absorption experiments. ' Selection rules permit the
observation of only the s and d states from one-photon
absorption from the ground state. The positions of other
levels have been determined spectroscopically by emission
from gaseous discharges.

Since the rare gases have an ns p closed-shell configu-
ration, all lower singly excited states consist of an electron
outside of the ion core which has a doublet fine-structure
splitting —P3/2 5$/2 The j-I coupling notation is used
for the heavier rare gases. States are designated by the la-
bel of the orbital containing the excited electron, i.e., when
the electron is in the nx orbital (x =s,p, d,f), the state is
named nx or nx, primes indicating the states with the
P&/2 (higher-energy) core. The spin-plus-orbital angular

momentum of the core ( —, or —,
'

) plus the orbital angular
momentum of the outer electron couple to give the resul-
tant angular momentum IC and coupling with the spin of
the outer electron gives the total angular momentum J.
States with an electron in an nx orbital are thus labeled
nx [E]Jand nx'[X]z'

More recent work in the rare gases has been done by ex-
citing the metastable levels np (n + 1)s [—,]J 2 or
np (n +1)s'[—,

'
]z o with an electron beam or an electric

discharge. Stebbings and co-workers pioneered the
technique in which the large densities of such metastable
atoms attainable by electron-beam excitation of an atomic
beam easily permit excitation with a laser to higher Ryd-
berg states by a one-photon absorption. This two-step ex-

citation process accesses the even-parity p and f Rydberg
states inaccessible in direct one-photon excitation. In this
way, Grandin and Husson, and later, Knight and Wang
have tabulated many members of the np [—,]t and nf [—', ] &

Rydberg series in xenon. These and other experiments
have characterized several p' and f' autoionizing levels in
xenon, krypton, and argon.

However, many gaps exist in the data. Only a few of
the p' and f' levels have been characterized in each atom
studied. Furthermore, selection rules allow only one or
two J sublevels of each p and f level to be populated from
the metastable state.

Intense, tunable, visible, and near-ultraviolet dye lasers
permit multiphoton excitation of the states of the rare
gases at wavelengths experimentally more tractable than
the vuv. ' More importantly, the different selection
rules which operate in multiphoton excitation allow access
to states forbidden in one-photon excitation. Thus, the
even-parity states not seen in single-photon excitation of
the rare gases can be studied using two-photon or four-
photon excitation. Since even the lowest excited states in
the rare gases are near 10 eV, four-photon excitation is the
simplest scheme using available dye lasers. Four laser
photons of the same linear polarization can populate
J=O, 2, and 4 levels from the rare-gas np 'So ground
state. Excitation with two beams of crossed polarization
can populate the 7=1 and 3 levels as well. Thus, experi-
ments involving direct multiphoton excitation of ground-
state rare-gas atoms appear promising as a way of access-
ing additional p and f levels.

Recently, Gangopadhyay et al. " using multichannel-
quantum-defect theory (MQDT) have calculated large
variations in the multiphoton ionization (MPI) cross sec-
tion for xenon due to autoionizing resonances. The
renewed interest in the autoionizing regions as well as our
longstanding interest in MPI of rare gases has caused us
to reexamine several Rydberg series leading to both limits
in krypton and xenon. Here we report the four-photon ex-
citation of members of the p and f Rydberg series leading
to the first limits as well as the p' and f autoionizing
series leading to the second limits in xenon and krypton.
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RESULTS AND DISCUSSION

An energy-level diagram for our experiment is shown in
Fig. 1. Four photons from the ground state directly excite
Rydberg levels just below each ionization potential ( Vtp)
in xenon and krypton. In general, the first three photons
do not match the energy of any intermediate resonance.
In some cases as the laser is scanned, three photons do
match a lower d resonance. In such cases as the laser is
scanned, three photons do match a lower d resonance. In
such cases, ionization from the three-photon resonance
dominates and obscures the Rydberg structure. Figures
2—6 show the resultant Rydberg series leading to each
Vqp in xenon and krypton.

Each spectrum consists of a series of sharp, intense f

FIG. 5. The p and f Rydberg series in krypton. The right
portion of the spectrum is run at increased gain. The largest
feature is due to a three-photon resonance in the xenon contam-
inant, which has a much larger ionization cross section. The
rightmost portion of the spectrum includes features from some
other contaminant in the cell. The anomalous intensity at the
position of the 17@is probably due to this.

Rydberg peaks with a much weaker series of p states in-
terleaved. The f resonances consist of the unresolved,
overlapping sublevels nf [1 —,

'
]2, [4 —,]q, [2 —,]z, and

[3 —,]q. (The f' resonances have only [3 —,']4 and [2 —,']2
components. ) As shown in Fig. 3, the lower p states in
xenon can be ' resolved into np [2 —,]2, np [1 —,]2, and
np[ —,']o components which cannot be resolved for the
higher n levels. In the first series in krypton (Fig. 5), a
few of the p states are barely resolved into two peaks,
presumably a blended line containing [2 —, ]2 and [1 —,']2
and the slightly resolved [—, ]o. The p' and f' autoionizing
series in xenon (Fig. 4) are largely obscured by ionization
due to three-photon resonance with the 5d[ —,']& level.
The corresponding krypton spectrum (Fig. 6) represents a
more fortunate case free of interference from three-photon
resonances.

Each series was fit to the standard Rydberg formula
E = Vtp —R /(n —5) using a least-squares-fitting pro-
cedure, E„ is the measured energy of the Rydberg peak,
Vgp is the ionization limit to which the series converges, n
is the principal quantum number, 6 is the quantum defect,
and R is the Rydberg constant for the atom,
Rx, ——109736.86 and RK, ——109736.60 cm '. The re-
sults are tabulated in Tables I—VI. State energies are
given in vacuum wave numbers.

In the p series in xenon, where the lower members are
resolved but merge at higher n, fits were performed for
each of the series of three resolved components, and a
fourth fit was done for the unresolved members. In kryp-
ton, in which the lower members of the p series are par-
tially resolved into two components, the quantum defects
of the few, totally unresolved members agree with those of
the one series of split components and were included in
that fitting. The few xenon p' members have only n =10
and 11 resolved, and so are insufficient in number to be fit
to a Rydberg series. The higher members of the xenon f
series yield a strongly varying quantum defect, so only the
n = 11—17 members were used in the fitting procedure.
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TABLE I. The measured energy levels in cm ' of the xenon nf series.

11
12
13
14
15
16
17
18
19

E observed

96 921
97 068
97 182
97 274
97 345
97 404
97 454
97.493
97 530

E calculated

96 921
97 068
97 182
97 272
97 345
97 405
97 454
97 495
97 530

20
21
22
23
24
25
26
27

E observed

97 559
97 S86
97 610
97 628
97 644
97 661
97 675
97 686

E calculated

97 560
97 586
97 608
97 628
97 645
97 660
97 673
97 685

The quantum defects and ionization potentials obtained
from the fitting procedure are given in Table VI. With
the exception of the krypton f series, all series yield ioni-
zation potentials within a few cm ' of the established
values. It is unclear why the krypton f' series yields an
aberrant result for the ionization potential, particularly
because its defect is in good agreement with those calcu-
lated from some known f' sublevels, and since the con-
current p' series yields an acceptable V&p. However, since
the Vip determined from the p' series has a large uncer-
tainty, it may be that these series have some systematic
shift to higher energy. The most satisfactory fit to a
lower series in xenon is that for the p[ —,

'
]0 levels which

yields a Vtp of 97831.8+1 cm ' which is still displaced
slightly from the standard value of 97833.81. The f'
series in xenon yields the Piy2 Vgp of 108371+2 cm
in excellent agreement with the literature value. ' The
best fit for the lower V&p in krypton is also from the
p[ —,]0 series giving 112915+2 cm ' in excellent agree-
ment with the literature. '

Several comments regarding these spectra are appropri-
ate. The relative intensities of the p and f series when ex-
cited from a metastable beam have attracted scrutiny.

The appearance of strong s ftransitio-ns in xenon is well
known and is explained by configuration mixing of Sd
character into the 6s levels. Why the p series should ap-
pear so much more weakly has been a matter of specula-
tion. Stebbings et al. have invoked perturbation of the p
series by lower members of the p' series as a possible ex-
planation. Knight and Wang have rejected this explana-
tion in favor of one involving destructive interference of
excitation pathways from the configuration-mixed meta-
stable state.

We note here that in our spectra, obtained from direct,
four-photon excitation without an intermediate state, the
p resonances are also much weaker than the f resonances.
In fact, this is true in each series in xenon and krypton.
Additionally, we have scarined the P3/2 series in xenon
using a different laser with a slightly more narrow band-
width and lower output power. In this spectrum (not
presented here), the p transitions are markedly weaker rel-
ative to the f transitions than shown in Fig. 2. In our ex-
periment, at least, this might imply that a much lower
photoionization cross section for the p states determines
the intensity difference. If the photoionization rate of the
f states saturates, one would then expect an increase in the

TABLE II. The measured energy levels in cm ' of the xenon np series.

nP [2 r]2
E observed E calculated

np [I —,
' ],

E observed E calculated
"P[2]o

E observed E calculated

14
15
16
17
18
19
20

96 832
96997
97126
97 228
97 309
97 375
97 428

96 831
96998
97 127
97 228
97 309
97 374
97 428

96 841
97 005
97 130
97 232
97 313

96 840
97 005
97 132
97 232
97 312
97 379
97 432

96 855
97 015
97 140
97 239
97 317
97 381
97 434

96 8S4
97 016
97 140
97 238
97 317
97 381
97 434

21
22
23
24
25

Unresolved
97 476 97 476
97 513 97 514
97 547 97 546
97 574 97 574
97 597 97 598
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TABLE III. The measured energy levels, in cm ', of the xenon nf' and np' series. The np' series
cannot be fit to a Rydberg formula: 2= np'[2 2 ]2, 0= np'[ 2 ]o.

np'

5
6
7
8
9

10
11

E observed

101430
103931
105 283
106 112

107001
107 270
107452

E calculated

101429
103933
105 291
106 110
106640
107004
107 264
107456

102
10O

11'
11o
12
13
14

E observed

105 742
105 773
106 397
106417

107032
107 384

TABLE IV. The measured energy levels, in cm ', of the krypton nf and np series. The lower
members of the p series are partly resolved into two series, probably np [2 2 ]2+np [1 2 ]2 and np [ 2 ]o.

E observed

nf
E calculated

np [2 2 ]2+np [1 2 ]2

E observed E calculated
np [—,

'
]o

E observed E calculated

10
11
12
13
14
15
16
17
18
19

111814
112004
112 146
112263
112352
112424
112483

111813
112004
112 149
112262
112352
112424
112483

112070
112200
112305

112453
112503

112071
112201
112303
112385
112451
112506

111914
112080
112208
112310

111914
112080
112209
112309

TABLE V. The measured energy levels, in cm ', of the krypton nf' and np' series.

7
8
9

10
11
12
13
14
15
16
17
18

E observed

116043
116572
116932
117192
117381
117536
117644
117741
117800
117868
117917
117948

E calculated

116043
116572
116934
117193
117385
117530
117644
117733
117806
117865
117914
117955

E observed

116321
116767
117054
117306
117453

E calculated

116323
116758
117063
117284
117451
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TABLE VI. The results of the least-squares fit of the data to Rydberg series and comparison to established values. Tabulated un-

certainties are least-squares estimates of deviation from best values.

This work

Vgp (cm ')
Literature

Vyp {cm '
) Refs.

Xenon

np[2 z ]2

np[1 2]2

np[ ~ 10

np (unresolved)

alp

Krypton

np [2 —,
' ],+np [—,

'
]~

np [ ,' ]0—

7'

97 835.5+ 1

97 834.0+ 1

97 833.5+2

97 831.8+1

97 837+3
108 371+2

112911+5
112913+4

112915+2
118295+2
118284+ 15

0.055

3.52

3.47

3.48

0.011

3.54;

3.50

0.016
2.58

2.50

0.021
2.51

nfl —', ],
np[ 2 ]i

5

8p'[ 2' ]i
8p'[ z]i

97 833.81

97 833.81

108 371.4

112915.2

118284.7

0.0560

3.596

0.028

3.59

3.55

12

3

3

12

12

intensities of the p states relative to the f states at a
higher power level. Additional attempts to study the
power dependence of the intensities have not been under-
taken.

The mechanisms by which the Rydberg atoms ionize in
our experiments have not been systematically studied. In
addition to photoionization, collisional or associative ioni-
zation, or field ionization due to the collection potential in
the cell might be expected to play a role. However, the
collection field in the vicinity of the focal region in the
cell is only on the order of a few hundred volts per cm.
Therefore, no field ionization of our observed Rydberg
states would be expected. The intensity of the f' series in
krypton was observed to have a stronger pressure depen-
dence than that of the p' series. This effect is presently
being studied in detail and will be the subject of a separate
report. No other effects in the intensities of the higher n
members of the series relative to that of the lower
members have been observed on changing the pressure or
field strength.

The high-order process used here to observe the Ryd-
berg series can only be achieved at high ( —10' W/cm )

power densities. Under such conditions, levels which are
nearly resonant with the third photon can be expected to
give an ac Stark effect in the observation of the Rydberg
levels. The resultant shift and broadening observed in
such a spectrum may limit the resolution and accuracy of
measured peak locations in such an experiment. Thus, it
would not be expected that this technique could be ex-
tended to high-resolution determinations. It does not ap-

pear that the apparent shift of the krypton autoionizing
series could be due to such an effect. Rough calculations
have been done for a worst-case situation as in the xenon
autoionizing series, where a three-photon resonance to a
5d level obscures several members. The calculation indi-
cates an ae Stark broadening of 2—5 em ' for the nearest
observed members under our conditions. Overall, we
seem to be able to obtain quite satisfactory results from
the experiments.

It should also be noted that in the case of excitation of
the autoionizing series in both xenon and krypton, third-
harmonic light may play a role in the excitation. This is
because three photons reach regions lying just above one-

photon allowed resonances where the medium is negative-

ly dispersive. It is known that where a third-harmonic ex-
citation mechanism exists, it can totally dominate the
spectrum. ' ' The excitation mechanism then involves
one third-harmonic photon plus one laser photon. In such
a case, two-photon selection rules apply, and J=4 levels
will not be observed from the rare-gas ground state. How-
ever, our laser resolution does not allow observation of
separate f [K]z sublevels. The p sublevels observed are al-

lowed both by two-photon and four-photon selection
rules. No attempt was made to directly search for third-
harmonic light.

These experiments provide a striking reminder that
"nonresonant" ionization into a continuum where au-
toionizing resonances are imbedded can have a consider-
able wavelength dependent structure. This situation could
give rise to complicated MPI spectra in atoms and mole-
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cules when the ion yield is due to a convolutidn of
resonant enhancement at an intermediate level and in the
ionization step.

CONCLUSION

We have shown that direct, four-photon excitation with
no resonant intermediate states can be profitably used to
probe high Rydberg and autoionizing states in xenon and
krypton. Exploitation of selection rules in multiphoton
excitation allows the observation of many p and f states.
In this way, we have identified members of the p [2 —,

'
]2,

p [1 —,
'

]2, and p [—,]o series in xenon and have extended
earlier observations on autoionizing series in xenon and
krypton.
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