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The multiphoton excitation of rubidium has been investigated over the 4600-6500-A wavelength region with
0

a tunable dye-laser source having a linewidth better than 0.1 A and a space-charge ionization detector

sensitive to a few ions per second. Multiphoton transitions have been observed to occur both through

intermediate atomic states and through intermediate continuum states of the rubidium molecule. In the former

case two-photon transitions have been observed from the 5'S ground state of atomic rubidium to higher-lying
n'D levels for values of n ranging from 9 to 34 and to n'S levels for values of n from 11 through 20. The
fine-structure intervals of the n D levels for n = 9 to 13 were measured together with the line-strength ratios

and were found to be in good agreement with the predictions of a simple theoretical model. At the shorter

wavelengths hybrid two-photon resonances were observed to be excited through resonant intermediate

continuum states of Rb2. As a result the dispersion curve for two-photon absorption in rubidium showed what

appears to be resonant intermediate pm('X„, ) and 0' terms dissociating to give a 5P3/2 atom and resulting in the

strong development of features corresponding to the 5'P3/2~ n D3/25/2 part of the diffuse series, for n ~ 50, in

absorption and the 5'P, /2~ n'S», part of the sharp series. Components to 32'D and 30'S were recorded to a

precision of 0.3 cm ' and quantum defects for these previously unobserved terms were derived. The
corresponding hybrid two-photon resonances involving intermediate states dissociating to give a 5 P», atom
were not observed in the wavelength interval available in this experiment.

I. INTRODUCTION

At most wavelengths the multiphoton ionization
of alkali metals can be viewed as a composite of
the wings of transition resonances of purely atomic
or molecular character. In general, the experi-
mentally obtained dispersion curves for such pho-
toionization processes are highly structured and
permit ready identification of the corresponding
nth-order resonances of the intermediate states.
In these processes n can be as large as one less
than the number of photons needed to ionize the
atom. From the relative strengths observed for
the different resonances and from the order of
their dependence on the intensity of the laser
source the importance of each resonance in the
total photoionization probability may be estimated
for arbitrary wavelengths.

Recently the domain of this type of multiphoton
spectroscopy has been enlarged through the identi-
fication of a new class of excitation resonances. '
These are the hybrid resonances in which one
transition occurs to a dissociative state of the
molecules and one between resulting atomic states.
The same effect that makes two-photon absorption
by atoms probable also makes it likely that in
actual practice both virtual and real intermediate

states will be molecular in character. This is be-
cause the virtual, one-photon transitions from a
ground state must be optically allowed for two-
photon transitions to have an appreciable strength.
For example, in the alkali metals this means that
two-photon transitions from ground S states must
proceed through nonresonant intermediate P states.
However, since the intermediate states are opti-
ca,lly connected to the ground state, dispersion
forces between these excited atoms and neighboring
ground-state atoms are resonant and hence show a
long-range R ' dependence. Cross sections for
collisions shifting the intermediate-state energy
by several laser linewidths are extremely large
and suggest that intermediate states involving such
polarization molecules can have major roles in

multiphoton absorption processes even at relatively
low atomic concentrations.

As pointed out by Collins et al. ,' the inclusion of
these repulsive molecular states into the scheme
of multiphoton excitation and ionization of the al-
kali metals in the visible wavelength range repre-
sents a generalization of the three-photon models
originally formulated for isolated cesium atoms. '
In the appropriate dipole approximation for a,

single atom in the ground state, P„expressions
for the line strength for multiphoton excitation and

14 1662



14 MULTIPHOTON IONIZATION OF RUBIDIUM 1663

E,(R = ~) —E,(R = ~) = hv = E,(R,) —Eo(R,), (2)

strong hybrid resonances were observed. These
were energetically sharp because of the dominance
of the atomic matrix element, at R=~, over
molecular matrix elements appropriate for finite
R during the absorption of the "second" photon.
The amplitudes of these resonances were observed
to be modulated in intensity by the more slowly
varying T, term contributing the resonance on the
right-hand side of Eq. (2). Such hybrid resonances
resulting from the simultaneous resonance at a
given wavelength of a molecular T, term and an
atomic T, term considerably enlarge the multipho-
ton ionization probability" and provide an experi-

ionization contain products of resonant terms of
the form

,(4„4.)=(4, ~~~4.)~[(E,—E.)-@~], (»)
(p p~) ($21~ I

$~}l~(E2 E )+ (E, —E,) —2hv],

(lb)

where the matrix elements are the usual dipole
values with summations implied over intermediate-
state quantum numbers not explicitly expressed,
and the values of energy E„correspond to the
states of like subscript. Dispersion curves of pro-
cesses depending on line strengths containing such
terms are expected to be dominated by single-pho-
ton resonances arising from zeros in the denomi-
nator of the T, terms of Eq. (la.), two-photon res-
onances from the T, terms of Eq. (lb), and higher-
order resonances where appropriate. Dispersion
curves showing structure from such multiphoton
resonances were first obtained for cesium" and,
more recently, for sodium under conditions allow-
ing for the cancellation of the Doppler width of the
levels. ' '

For nonisolated atoms, the occurrence of molec-
ular continuum states and polarization molecules
resulting from binary collisions at large internu-
clear separation must be recognized. This can be
done by allowing the states P to be molecular in
character and together with the corresponding en-
ergy E to depend significantly upon internuclear
separation R. This has the effect of broadening the
resonance through a change in R during the lifetime
of the intermediate state and of altering the selec-
tion rules determining the nonzero matrix ele-
ments. For example, the T(d~' ll„so'Z'„) reso-
nance has been reported in cesium, ' having been
inferred from the detection of T,(n'D, 6'P», ).
Because of the considerable variation of the inter-
mediate-state energy E, (R,) with internuclear
separation, there was the possibility of obtaining
simultaneous resonances in both T, and T, terms.
In particular, for those R for which

mental basis for ordering the repulsive states of
molecules by correlating them with dissociation
limits.

This paper reports the study of the multiphoton
absorption resonances observed in rubidium vapor
in the 4600-6500-A wavelength range. Both hybrid
and purely atomic two-photon resonances were ob-
served with a precision sufficient to provide new
term values for atomic S and D levels with high

principal quantum number. The hybrid resonances
observed were fragmentary and provided a basis
for locating, approximately, the several previously
unobserved repulsive molecular terms reported
in this work.

II. EXPERIMENTAL METHOD

The experimental method used in this and related
earlier works" is based on the detection of ioni-
zation resulting from either collisional ionization
or photoionization of the excited states populated
by the absorption event. Useful detection sequences
have been found to include direct photoionization,
associative ionization, and electron-impact ioniza-
tion by thermal electrons of low energy. The posi-
tive ions produced in this way enhance the output
signal of a thermionic diode containing the absorb-
ing vapor by partially neutralizing the negative
space charge surrounding the heated diode fila-
ment. The relatively longer time the positive ions
spend traversing the potential well of the space-
charge region provides for the release of 10'-10'
electrons per ion from that region. This tech-
nique, when coupled with light modulation and syn-
chronous detection, represents a modernization of
the early experiments on photoionization and now
forms a valuable complement to conventional ab-
sorption spectroscopy. As currently implemented,
sensitivity is limited by quantum fluctuations in the
diode "dark current" and is sufficient for the de-
tection of signals as small as a few ions per sec-
ond.

Details of the experimental arrangement are
found in previous reports"'" on studies of mul-
tiphoton processes in cesium, and only the general
outline of the method will be repeated here. The
absorption cell itself consisted of a Pyrex glass
envelope with quartz windows and an included de-
tecting diode composed of a 0.15-mm-diam tung-
sten filament and a silver-disk anode, both acti-
vated with rubidium and separated by 1.5 mm. The
exact position of the illuminated volume within the
diode structure was not particularly critical pro-
vided the diode elements were not directly illumi-
nated. The absorption cell was baked while being
pumped to 10 ' Torr and subsequently filled with
rubidium vapor. In operation the vapor pressure
was controlled by a two-chamber oven according
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propriate wavelength range. These resonances
could be detected from the substantial increase in
photoionization current from the diode observed at
certain laser wavelengths, which could be deter-
mined interferometrically. Resulting system res-
olution was better than 0.3 cm ' so that atomic
term values of newly observed levels could be de-
termined to at least this precision.

RUBIDIUM DIODE III. RESULTS AND CONCLUSIONS

A. Purely atomic resonances, s S~n2S and S S~n D

LOCK- IN
AMPLIF IER

FIG. 1. Schematic representation of the arrangement
of the argon-ion laser, tunable dye laser, rubidium ab-
sorption ceLL with included diode detector, and detection
and monitoring systems used in the experiments for the
detection of the purely atomic multiphoton resonances.

to standard techniques. The working pressure
range corresponded to saturated vapor at 235'C.

Two light sources were used in these experi-
ments. In the red and yellow regions of the spec-
trum output from a dye laser pumped by an argon-
ion laser was mechanically chopped at a frequency

shown
'

of 8 Hz and focused into the absorption celle, as
s own in Fig. 1. Wavelength tuning and linewidth
were continuously monitored with an etalon of vari-
able spacing. As shown, the intensity passing the
etalon was recorded on one channel of a two-chan-
nel recorder and the suitably conditioned diode
output was recorded on the other. In this system
linewidths were found to be of the order of 0.25 A.

In the green and blue wavelength regions contain-
ing the hybrid resonances a pulsed dye laser
pumped by a nitrogen laser was used as the ab-
sorption source. Pulse widths were of the order
of 10 nsec and repetition rates were 8 sec ', as
limited by the characteristic drift time for ions
in the space charge region of the detecting diode.
The de ye laser was operated with either acidified
4-methylumbelliferone or with a mixture of diso-
dium fluorescein and coumarin-1 and was continu-
ously tuned with better than 0.1 A linewidth. In
this pulsed system the laser output was not con-
stant as a function of either time or wavelength,
and for maximum sensitivity it was found necesary
to simultaneously convert to digital form both the
diode output signal resulting from the photoabsorp-
tions and the input laser intensity for each pulse.
This was accomplished with a 10-bit A/D conver-
sion system directly interfaced to an instrumenta-
tion computer, as discussed previously. ~

In operation either laser source was sufficient
to excite multiphoton resonances lying in the ap-
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FIG. 2. Upper curve: dispersion curve of the photo-
e ru i ium diode as aionization current detected from th b d

nction of wavelength. Components of the 528 —n 2o e -n Dand
-n o-photon Rydberg series are marked with

the appropriate value of n . The more pronounced un-
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wer curve: detected laser intensity filtered by the
Fabry-Perot etalon used for wa l hve e measurements.

%'ith the cw dye laser system the purely atomic
two-photon resonances of rubidium were excited in
the 5700-6300-A wavelength region. Figure 2
shows typical data obtained. Components of the
5'S-n'D and 5'8 -n'S two-photon Rydberg series
are marked in the figure. The more pronounced
lines correspond to members of the T (52D-
h brid ry ri resonances of the cesium which was present
as an impurity at the beginning of the life of the
diode detector. Studies of the same spectrum ob-
served in pure cesium have been previously re-
ported' and comprised the first observation of a
hydrid multiphoton resonance. In the work re-
ported here the trace amounts of cesium gradually
disappeared as the diode aged, most probably
through reactions with the metallic electrodes and
quartz windows. At shorter wavelengths than those
shown in Fig. 2 higher members of the two-photon
Rydberg series of rubidium were excited. Over
the full wavelength range examined, transitions
from n=9-34 were observed for the 5'S-n'D
series and from n = 11-20 for the 5 'S —n 'S series.

A higher resolution of the recorded signal was
obtained by scanning the wavelength more slowly,
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represented in this case by the "best" straight-line
fitting to the data when plotted as a function of the
& power of the ionization energy. The tabulated
data of Moore are also shown for comparison. If
the values of effective charge appearing in (3) are
completely independent of principal quantum num-
ber, then the slope of the best linear fit to the data
should be 1. The line seen in Fig. 4, however, was
found to have a slope of 1.02, which means that

E ~ E1.53 (4)
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Assuming then that Z, = 1, the appropriate value of
inner charge can be computed from the proportion-
ality constant of Eq. (4) and the data of Fig. 3 to
vary from Z,. = 17.68 for 9'D to Z,.= 17.55 for 13'D.

From data such as those of Fig. 3 an important
comparison of observed line-strength ratios can be
made with theory. While the overall calibration of
the detection efficiency of the space-charge diode
has not been made because of the difficulty of cor-
rectly estimating the focal volume of the laser
radiation, relative measurements should be signi-
ficant over sufficiently restricted tuning ranges.
It has been shown by Curry et al."that the line-
strength ratio of two photon doublets can be rea-
sonably approximated by the expression

FIG. 3. Upper curve: dispersion curve of the photo-
ionization current detected from the rubidium diode as a
function of wavelength for the interval near 6149.3 A.
The resolved fine-structure splitting of the 52$11 D
component of the two-photon Rydberg series is shown.
Lower curve: detected laser intensity filtered by the
1.2981-cm air-spaced Fabry-Perot etalon used for cali-
bration.

R = 54/(1+ 5~)',

where R is the line-strength intensity ratio, R
=I(—,)/I( —,), and r is the ratio of the energy defects
appearing in the denominators of the T,(5'P, &„5'S)

1.0

~ — MOORE

and Fig. 3 shows typical data obtained. In this
figure the 5'S -11'D doublet is shown with resolu-
tion sufficient to determine the fine-structure split-
ting of the D state. Comparison of the photoioniza-
tion peaks recorded to the positions of the trans-
mission maxima of the 1.2981-cm air-spaced etalon
according to standard techniques" allowed for the
determination of the fine-structure splitting of the
n'D states to n=13 ~

Although fine-structure intervals are reported
for D states by Moore" to the same value of n, the
values reported here are in better agreement with
the Lande formula,

0.5—

I

Eo 03—
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CI

0.2—

H - THIS WO

&E=[n'Z', Z', /f(l+1)vR„]E' .' cm ', (3)

where 4E and E are the energies in cm ' of the
splitting and ionization energy, respectively, Z,.
and Z, are the effective inner and outer Z values,
R„ is the Rydberg constant, l is the orbital angular
momentum quantum number, and n is the fine-
structure constant. Figure 4 shows this agreement
between the present data and the Lande formula

O. I
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FIG. 4. Comparison of measurements of the fine-
structure splitting of the n 2D levels of rubidium with the
Lande theory and the previous data tabulated by Moore.
Data are plotted as functions of the ionization energy, in
cm, raised to the 2 power.
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TABLE I. Comparison of the line-strength ratios for
the intensities of the two-photon 5 ~S—n D doublets
observed in this work with the theoretical estimate given
by Eq. (5) forn =9—13.

Rb*+ Rb -Rb, '+ e

or by

Rb*+ Rb Rb'+ Rb,

(6b)

(6c)

Principal quantum
number n

Ratio
Calculated Observed

with the quadratic dependence of output upon laser
intensity being a consequence of step (6a).

9
10
ll
12
13

1.695
1.683
1.675
1.670
1.666

1.65
1.77
1.76
1.84
2.0

Rb(5'S)+ 2hv- Rb*(n'S or n'D),

followed by

(6a)

and T,(5'P, &„5'S) resonance terms. For example,
for the 11'D level the photon energy hv is 16 257.39
cm ', giving the energy denominators for excitation
through nonresonant 5'Ps/2 and 5 Py/2 level values
of 3440.83 and 3678.43 cm ', respectively. The
corresponding value of r is then 0.935, giving an
expected line strength ratio of 1.68, in good agree-
ment with the ratio of 1.76 actually observed. Re-
sults of a comparison of line-strength ratios ob-
served in this work to those computed from Eq.
(5) are summarized in Table I.

The divergence of computed and observed values
at higher n is most probably due to a breakdown of
the rather severe approximations used in simplify-
ing the theoretical estimate. In particular, it was
assumed that only two intermediate states, 5Pz/2
and 5P, /„were important, and hence that the
transition strength contained only the two T, reso-
nances, T,(5P,&„5S) and T,(5P,&„5S), and further-
more that the radial parts of these two resonances
were identical. That these are reasonable but not
exact approximations is seen from Table I.

Although new term values for the higher n'S
levels were obtained from this work, the same
levels were more strongly excited as the result of
hybrid resonances, as discussed in Sec. IIIB, and
it was from those spectra that new term values
were taken. Rather, an examination of ionization
yield as a function of laser intensity was made as
a final confirmation of the nature of the excitation
sequence. Figure 5 presents the data obtained, and
a strong second-order dependence can be seen.
This is consistent with the lower laser intensity
employed since it is only in the higher-power
pulsed laser experiments that photoionization of
the excited states produced by the multiphoton ab-
sorption can compete with collisional ionization.
The most probable detection sequence appropriate
to the cw excitation is

B. Hybrid two-photon resonances

As discussed above, the pulsed dye laser system
was used to investigate the green and blue regions
of the rubidium spectrum. Most pronounced in this
wavelength region was found to be the strong de-
velopment of structure corresponding to fragments
of the diffuse series of atomic rubidium. However,
only components of the 5 P /

-n'D, /, ,/, series
were found, with the analogous resonances from
the 5'P, /, level being completely absent. These
resonances from the 5'P, /, level were found to be
strongly developed, together with the underlying
structure from the "blue bands" of the Rb, mole-
cule" resulting from two-photon ionization of Rb,
through the resonant intermediate B state of the
molecule. This is entirely analogous to the two-
photon ionization of Cs, found previously" in diodes
containing cesium vapor.

The resulting ion current corresponding to the
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FIG. 5. Photoionization current l.ess dark current as
a function of cw dye 1aser intensity for the 5 S 15 D
transition at 6040.2 A. A line of slope 2 has been shown
for comparison.
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FIG. 6. Multiphoton absorption spectrum of rubidium
as a function of wavelength, showing hybrid resonances
corresponding t,o parts of the diffuse (5 P3/2 n D) and
sharp (5 P3/2-n S) series of atomic rubidium. No res-
onances involving the 5 Pg/2 level are observed. Data
plotted are the ion signals from the rubidium diode divided
by the square of the simultaneously measured laser inten-
sities. Irregularities seen in the wavel. ength scale are
artifacts from the drive mechanism and have been cal.i-
brated as shown.

TABLE II. Term values in cm for then D andn 2S

levels obtained from the hybrid resonances excited in

this experiment.

n 2D n2S

relative probability of two-photon absorption in
rubidium is shown as a function of wavelength in
Fig. 6. The data plotted are the outputs fromthe
on-line computer system and represent the detec-
tedionsignalsdivided by the square of the simul-
taneously measured laser intensities. The a priori
appearance of a Rydberg series of doublets is
misleading since the spectrum is actually a com-
posite of the individual sharp (5 'P, &, -n'&, ~,) and
diffuse (5'P, &, -n'D) series, with the true doublets
of the latter being unresolved. Members of the
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I2Q i i i & I « i i I i i i & I i i i i I
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diffuse series can be clearly identified to 50'D and
those of the sharp series to 36'S. Term values
have not been previously reported for S levels of
such large n. From data such as those of Fig. 6
taken simultaneously with the spectrum of the
transmission maxima of a 1.78 757-mm air-spaced
etalon new term values were obtained for D states
to 30'D and S states to 32'S. These are summa-
rized in Table II. Precision is estimated to be
better than 0.3 cm '. Finally, from such data the
quantum defects of the D and S levels can be readi-
ly obtained and these are shown in Figs. 7 (a) and
7(b).

The nonoccurrence of transitions from the 5'Pz/2
level is the strongest argument in support of the
basic assumption of this work, that the transitions
observed are excited as integral parts of a two-
photon process. This must be expected from the
fact that the duration of the laser pulse is about
four orders of magnitude less than the inverse col-
lision frequency and effectively precludes any ap-
preciable excitation transfer between rubidium
atoms during the time the diffuse series could be
excited. Similarly, the repetition rate of the laser
is orders of magnitude slower than the destruction

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33 005.6
33 102.2
33 179.9
33 243.0
33 295.5
33 339.0
33 375.5
33 406.9
33 433.6
33 456.7
33 477.1
33 494.5
33 510.2
33 524.2
33 536.6
33 547.5
33 557.3

33 027.9
33 119.9
33 194.3
33 255.1
33 305.2
33 347.2
33 382.4
33 413.1
33 438.9
33 461.0
33 480.9
33 498.1
33 513.5
33 526.8
33 539.2
33 549.7
33 559.0

I-
O
w 315
4J
O

3.IQ—

Z
3.05— n2S

300 ~ « i I i I I I I I I I I I I I I

IO 20 30
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FIG. 7. Plot of the quantum defects of the Ry+erg
levels of atomic rubidium inferred from the hybrid two-
photon resonances corresponding to the sharp and diffuse
series in absorption. Upper curve: quantum defects of
the n 2D levels measured in this work are bounded by the
error bars shown, open circles plot vaLues derived from
Ref. 12. Lower curve: quantum defects observed in this
work for then S leveLs.
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FIG. 8. Relative photoionization current detected from
the rubidium diode plotted as a function of wavelength.
Resonances corresponding to components of the diffuse
and sharp series of atomic rubidium are identified.
Upper curve: data obtained from the absorption of the
pulsed laser radiation in the vapor il.luminated with an

auxiliary continuous source of collimated but unfocused
radiation filtered with a red filter. Lower curve: com-
parison data to that of the upper curve obtained under
the same conditions but without the auxiliary illumination
of the vapor.

frequency for excited species produced by preced-
ing pulses, so that the production of 5'P, /, atoms
and the subsequent transition to the n'D or n'S
states must occur within the same 10 ' sec inter-
val. The converse circumstance is illustrated by
the auxiliary illumination of the vapor cell with
collimated but unfocused illumination from a con-
tinuous source, in this case a slide projector fil-
tered with a red filter. This permitted the contin-
uous excitation of both 5'P3/2 and 5 Py/, through
absorption of the resonance lines by the ground-
state atoms and was expected to result in the ex-
citation by the laser pulse of the diffuse and sharp
spectral series from both P states. The results
from such a mixture of continuous and pulsed il-
lumination are shown in Fig. 8, together with the
corresponding data for purely pulsed illumination.

It can be clearly seen that the auxiliary cw illumi-
nation supported the excitation in this wavelength
segment of the O'P, /, -11'D transition, while in
the data of the lower trace, obtained with only the
laser excitation, it was completely absent. All of
the transitions of the diffuse and sharp series were
found to follow this pattern, and no resonance cor-
responding to a transition from 5'P, /, could be
found without supplementary illumination at long
wavelengths.

The most probable explanation of the nonoccur-
rence of the O'P, /, transitions is that the reso-
nances observed do indeed represent hybrid reso-
nances and that the T, resonances between molecu-
lar levels dissociating to give a O'P, /, atom do
not occur at wavelengths corresponding to compon-
ents of the diffuse series in absorption. This,
then, precludes T, resonances being excited at
these same wavelengths.

Unfortunately, little is known about the possible,
but previously unobserved, repulsive states of Rb, .
Both Mulliken" and Fontana"" have estimated the
potential curves for such states at large R, but no
information has been available for values of R
characteristic of optical transitions. The appear-
ance and nonappearance of hybrid resonances in-
volving the 5 P3/2 and 5 Py/p states, respectively,
provide the information needed to resolve previous
ambiguities in the correlation of the possible re-
pulsive molecular terms with their dissociation
limits. As seen below, relatively straightforward
assumptions now yield a first approximation to the
repulsive potential curves of the Rb, system.

Both 'Z' and 'Z„' states can arise from the colli-
sion of two O'Sy/p ground-state atoms. The former
is strongly bound and forms the ground state of
the Rb, molecule with a dissociation energy" of
3952 cm '. The triplet state is repulsive, with a
small Van der Waals minimum" of a few tens of
cm ' around '7. 2 A. Depending upon the height of
possible centrifugal barriers, equilibrium popula-
tions of both states could be expected to be of the
order of 10'-10' cm ' for energies within a few
kT of that of an isolated 5'S atom at a pressure
of 0.1 Torr.

Thus transitions of the T, type could occur for
three possible populations and internuclear sepa-
rations: (a) the strongly bound Rb, population of
the 'Z' state around 4.1 A; (b) the population of the
vibrationally excited levels of the 'Z; state within
a few kT of the dissociation limit at internuclear
separations corresponding either to the inner turn-
ing point at R & 4 A or to the outer at large values
of R; and, finally (c) the population of the 'Z'„Van
der Waals state at R ~ 6 A for collision energies
less than 2kT. Considering that a T, transition for
A. -5000 A involving one of these must give a 5'P, /,
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FIG. 9. Potential curves as functions of internuclear separation in A for the energy in cm of Hb*+Bb above the ener-
gy of an isolated 5 S atom. Curves are drawn to be consistent with previous theoretical calculations, the principle of
avoided crossings, and the hybrid resonances observed in this work. Heavy lines plot potentials which are indicated to
be important in formation of hybrid resonances, light curves show bound states known from conventional spectroscopy,
and dotted curves represent states, shown for completeness, which might contribute to hybrid resonances at wave-
lengths longer than those used in these experiments. (a) Potential curves for selected excited states ofg symmetry.
Indicated on the abscissa are internuclear separations corresponding to the potential minimum, zero energy, and poten-
tial equal to twice the thermal energy for the lowest &„state resulting from two ground-state atoms. (b) Potential
curves for selected excited states of u symmetry. Indicated on the abscissa is the equilibrium internuclear separation
of the ground &~ state of Rb2. Energy typical of that needed to excite the T& resonance leading to subsequent excitation
of the highest-lying n D states is shown by an arrow on the ordinate.

atom and that no T, transition at this wavelength
can give a 5'P, &, atom greatly assists in the order-
ing of the 16 possible molecular terms dissociating
to give a 5'I' atom.

A first approximation to the system of potential
curves for the lower electronically excited states
of Rb, can be constructed from the following five
bases: (i) The known fine-structure splitting of
the 5'P atomic levels; (ii) the resonant R ' disper-
sion forces given by Fontana"'"; (iii) avoided
crossings with the 0' state of the ionic molecule,
Rb'+ Rb, using an electron affinity" of 0.486 eV;
(iv) the fact that the longest-wavelength absorption
band of Rb, is correctly identified in the litera-
ture" as a Z-II transition; and (v) the hybrid res
onances observed in this work.

Figure 9 shows the resulting construction sep-
arately for u and g states, emphasizing levels of
importance in the visible wavelength region. Con-
sidering first the g states, it should be noted that

because of the strongly repulsive nature of the
lower 'Z„states, transitions must occur at R &6 A
unless very high temperatures are assumed.
Transitions at smaller R from the 'Z state are
forbidden by the u -g selection rule. Clearly,
then, transitions at wavelengths shorter than 5167
A, or energies greater than the excitation energy
of a O'D state from a 5'S ground state of the atom,
can result only in the excitation of a molecular g
state dissociating to a 4'D or higher-energy state
of the atom and so cannot account for the observed
excitation of the diffuse series. Conversely, at
lower energies, for wavelengths between 5167 and
6900 A, vibrational overlap integrals should favor
transitions from the 'Z„, state to the deeply bound

0; state formed by an avoided crossing of the 'Z«+
state arising from (5 'P, &, + 5'S«, ) and the 0' state
of the ionic molecule. That this crossing is avoided
only in the adiabatic approximation suggests that for
high vibrational energies, such as those favored by a
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vertical transition to this state from the minimum of
the 'Z'„pan der Waals state, a considerable predisso-
ciation could be expected through the crossing to give
a O'P, &, atom. This could easily contribute the
T, resonance needed to explain the occurrence of
the transitions from the O'P, &, level, at least for
~& 5167 A. This wavelength range, however, does
not include T, resonances at shorter wavelengths
reaching to the limit of the diffuse series. The
other possible g states of Rb, dissociating to 5'P
can be eliminated, since they lie too low to contri-
bute T, resonances for the excitation of either
5 P3]2 or 5 P]/2 states in the visible wavelength
range.

Considering, then, the molecular u states, the
range of internuclear separations of interest in-
cludes smaller values. Although valence-type
forces lying outside the scope of these approxima-
tions may modify a curve sufficiently to bring it
into the region of importance, the state of most
probable interest is the Z„,. This is the state with
the most strongly repulsive dispersion force, and
it has been drawn to conform to the calculation of
Fontana. " The three bound states known from
conventional spectroscopy" "have been included
for comparison. It can be seen that at 5 A the re-
pulsive energy of the dispersion forces is suffi-
cient to bring the 'Z„state originating from
(5 'P, «+ 5 'S, &,) into the region where the bound
states which dissociate into a 4'D atom would lie.
It is highly probable that in this region a 1„attrac-
tive curve resulting from (4'D+ 5'S) would be en-
countered and an avoided crossing would result in
the form of the potential curve shown. A second
bound 1„curve should also be formed, but displaced
to larger equilibrium internuclear separations, so
that a conventional absorption spectrum to that lev-
el may have remained unobserved because of un-
favorable overlap integrals.

The only other state optically connected to the
'Z ground state and having a repulsive resonant
dispersion force is the other 1„state originating
from 5'P, &., but this must correlate with 'II„and
hence be attractive if the original assignment" of
the X-A absorption band is correct. If it is not
correct and the transition is a Z- Z, as is the
case in the lighter alkali metals, then the 'II„state
can provide the strongly repulsive curve which
is sought to explain the hybrid resonances. In
either case the only remaining 1„curve available
to (5'P«2+ 5'S}, as well a.s the 0' curve, must
lie at energies too low to contribute T, resonances
in the visible region in order to avoid crossing
levels with similar 0 arising from (5'P», + 5'S).

Consequently, it appears that the arrow shown
in the u system of the molecule must represent the
Ty reson anc e at the sho rt er wave Ien gth s cor re-
sponding to the limit of the diffuse series. Collect-
ing the results from u and g systems we note that
it appears that the hybrid resonances observed in
this work can be best described for visible wave-
lengths A. &4800 A by the sequences

Rb, (' Z,) + hv —Rb, ~*('Z„,),
Rb, **('Z„,) —Rb+ Rb*(5 'P, (,),

and for visible wavelengths 5150&%.&6900 A,

Rb, ('Z„) + h v —Rb, **(0'},

Rb, **(0')—Rb+ Rb*(5 'P, (,),

(»)
(7b)

(8a}

(6b)

where the double asterisk indicates a state unstable
against dissociation or predissociation. These T,
resonances would then be followed by absorption
of a second photon if its energy also corresponded
with a possible T, resonance of the diffuse or
sharp series in absorption. The final ionization
would be accomplished by either step (6b) or (6c).
As can be seen from Fig. 9, no potential curves
which dissociate to OP, &, are available to give T,
resonances in the visible wavelength range, in
agreement with the absence of observed diffuse
series components corresponding to the excitation
of O'P, &, intermediate states.

IV. SUMMARY

While it has been shown that the purely atomic,
two-photon absorption resonances observed in the
photoionization of atomic rubidium do conform to
the theoretical expectations, both in fine structure
and line-strength ratios, even stronger hybrid res-
onances have been demonstrated. Because of the
greater intensity observed for such hybrid reso-
nances, they are shown to compete favorably with
the purely atomic, two-photon absorption spectra
in the determination of spectroscopic constants of
levels which are difficult to excite by the conven-
tional techniques of spectroscopy.

Hybrid resonances, being partly molecular and
partly atomic, can be expected to contribute heavi-
ly to the multiphoton ionization cross section at
shorter wavelengths for rubidium vapor at mod-
erate density. However, not only do such reso-
nances contribute to the enlargement of ion yields
obtained at given laser intensities, but also, as
demonstrated in this work, they provide an impor-
tant mechanism for the ordering and correlation of
repulsive molecular terms with their dissociation
limits.
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