
PHYSICAL REVIE%' A VOLUME 29, NUMBER 4 APRIL 1984

Effect of the spin-orbit interaction in photoionization Stark spectra
of mi ——1 excited rubidium atoms
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Experimental results on the photoionization spectra of excited rubidium atoms in a well-defined

mI ——1 state in the presence of an electric field are reported. Spectra corresponding to a definite po-
larization of the ionizing light exhibit characteristic resonances which are ascribed either to the
non-Coulombic part of the central potential or to the spin-orbit interaction. The different line pro-
files are interpreted as being due to interferences between discrete states and continua, the observed
structures depending directly on the density of oscillator strengths and not simply on the density of
continuum states.

I. INTRODUCTION

Since the first observation of electric field induced reso-
nances above the zero-field-ionization limit in the pho-
toionization spectrum of atomic rubidium, ' a lot of at-
tention has been paid to photoionization Stark spectra of
one-electron atoms both theoretically and experimen-
tally. The structure of the Stark spectrum of hydrogen
is theoretically well known because the corresponding
Hamiltonian is separable in parabolic coordinates, and
thus the problem can be exactly solved. In the energy
range extending from the classical field-ionization limit

up to approximately the zero-field-ionization threshold,
this spectrum consists of quasidiscrete states superim-
posed on continuum states. Because of the supersym-
metry of the nonrelativistic Coulomb-Stark potential'
there is no interaction between the quasistable states and
the ionization continua. The quasidiscrete states have a
very small width related to the probability of ionization by
the tunneling of the electron through the potential barrier.
When a perturbation breaks this symmetry a different
field-ionization process occurs:" States which are stable
with respect to the tunneling process can ionize through
the mixing with an already ionizing state. The coupling
leads to a broadening of the quasidiscrete states and, be-
cause of interference effects, it manifests itself in the ap-
pearance of asymmetric Fano profiles. ' In a light alkali-
metal atom the Rydberg-state electron experiences a non-
Coulombic central potential and, in the Stark photoioniza-
tion spectra, there exists a coupling between the quasi-
discrete states and the underlying ionization continua hav-

ing the same orbital magnetic quantum number m~. This
phenomenon has been observed in the Stark photoioniza-
tion spectra of the sodium atom. ' Furthermore, striking
perturbations due to the Earth's magnetic field have been
observed, which demonstrates that very weak interactions
can strongly perturb photoionization spectra. Indeed,
even if it is weak, any interaction which couples a discrete
state to a continuum completely modifies the ionization
properties of the stable state. It is the aim of the present

paper to point out that, in the rubidium atom, the spin-
orbit interaction is sufficiently large to lead to the obser-
vation of additional structures in Stark photoionization
spectra even near the zero-field-ionization limit. The
spin-orbit interaction couples states with the same total
magnetic quantum number mJ but with different mt
values. The importance of the spin-orbit interaction in the
Stark photoionization spectra of rubidium has been ob-
served previously in the energy range close to the classical
field-ionization limit, where a very narrow Fano profile
has been recorded. ' The width of this profile was so
small that this structure is likely to be attributed to the
spin-orbit interaction. Another striking perturbation due
to the spin-orbit interaction in the rubidium atom is the
field-induced stabilization of a Stark state. ' Lastly, it has
been shown that, due to the spin-orbit interaction, it is
more difficult to use the field-ionization technique as a
highly selective detection method for a heavy alkali-metal
atom such as rubidium. '

II. TWO-STEP STARK PHOTOIONIZATION
SPECTRA OF THE RUBIDIUM ATOM

A. Experimental setup

The experimental setup used to study the photoioniza-
tion Stark spectra of excited rubidium atoms in a well-
defined mt =1 state is identical to the one used in a simi-
lar experiment on the sodium atom and is described some-
where else. In these experiments a great deal of attention
has been paid to rigorously define a pure m~ lower state as
well as to precisely determine the polarization of the pho-
toionizing light. Zeeman optical pumping is thus used to
selectively populate the 5 P3~q, I' =4, Mz ——4 state of the

Rb isotope, which corresponds to well-defined quantum
numbers mI ——1, m, = —,'. An atomic beam of the natural
mixture (72% of Rb and 28% of Rb) is subjected at
the right angle to the interaction of the light of a cw
single-mode dye laser which is right-hand circularly polar-
ized. The hyperfine structures of both the ground state

29 1929 1984 The American Physical Society



and the excited state of the two isotopes are well resolved,
and the laser ls tuned and servo-locked on the transltlon
5 S)g2, F=3—5 I'3rl, I' =4 of the isotope Rb. So the
use of a cw laser permits the excitation of rubidium atoms
in the pure I' =MF ——4 substate. In order to check the
good definition of the quantum numbers ml =1, m, =—,',
mj ———,', M~ ——4 of the intermediate state, two experiments
have been performed similarly to those done in the study
of the sodium atom. By using the field-ionization-
detection technique we have recorded the unperturbed
Rydberg spectra excited from the intermediate state by ab-
sorption of polarized light: In the o+ configuration only
d states were observed, but in the o configuration both s
and d states were recorded. %e have also verified that the
criticaI ionizing energy values in the photoionization spec-
tra depend on the polarization o+, a, or o of the pho-
toionizing light. Such observations make it possible to as-
sert that the intermediate state is a pure m~ ——1 state.

Thc photoloIllzlng light ls pl ov1dcd by a nltI'ogcn-
pumped pulsed dye laser, which counter propagates col-
linearly either with the exciting light or with the atomic
beam. Consequently, the atoms excited in the 5 P3g2,
mI ——1 state are photoionized by a mell polarized light,
respectively (cr+ or o ), and Ir according to the two possi-
ble propagation directions of the laser light.

The interaction region is 1ocated between the two grids
of a capacitor. The iona produced are accelerated by the
dc electric field and are extracted through the grids to-
wards an electron multiplier.

In the present experiment the Earth's magnetic field,
which was measured to be of 0.8 G in the interaction re-
gion, has been reduced to less than 0.02 G in the interac-
tion region by using a pair of Helmholtz coils. Conse-
quently, spurious symmetry breaking effects due to the
presence of an additional external field are avoided.

The Zeeman optical pumping is performed in the pres-
ence of an external electric field M =9950 V/cm which
pRrtlally dcstloys thc atomic alignment obtained ln thc
5 P3&2 level. However, the perturbation of the 5 83&3 level

by the neighboring 4 D3g2 and 5 S)g2 levels due to the
linear Stark effect is negligible, the mixing between these
levels remaining smaller than 5X10 for the utilized
field strength. Consequently, no significant symmetry
breaking coming from Stark mixing exists in the inter-
mediate state. Furthermore, the hyperfine interaction
cannot perturb the intermediate state inasmuch as the ex-
treme F value (I' =4) associated with the 5 I' term is stud-
ied. In conclusion the Zeeman optical pumping process
allows us to excite the 'Rb atoms in the perfectly deter-
mined state 5 P» m~ = 2» mI = 1» ftlj = 2» II= 2» P7lF*=4.

S. Experimental results

Using the above-described experimental setup, the pho-
toion current has been recorded versus the pulsed laser
frequency for the three polarizations of the photoionizing
hght. The results are presented in Fig. 1. The studied en-
ergy range is located in the vicinity of but below the zero-
field-ionization limit. The three spectra correspond to the
field strength M=9950 V/cm. As one can see, they de-

pend strongly on the polarization of the photoionizing
light. Thc spcctI'R Rrc denoted, I'cspcctlvcly, by o o
cr+Ir, and o+cr+ according to the polarizations of the ex-
citing light and of the photoionizing light.

Structures still remain in the vicinity of the zero-field-
loIllzatloll 111111tollly 111 tllc 0cr 'spccfrlllll. Tllcsc struc-
tures are relatively broad, and asymmetrical. VA'th de-
creasing energy some of them appear to be narrower and
more symmetrical; they can then be classified in two dis-
tinct groups. Indeed for E-—200 cm ' one observes a
staggering of broad and narrow resonances.

No structure appears in the o+m spectrum at energy
greater than —125 cm '. For lower energy values, some
broad structures appear and they are followed by two
series of resonances: one with narrow and symmetrical
peaks and another one with broad and slightly asymmetri-
cal resonances. The widths of the two types of structures
are of the same order of magnitude in the cr+o and cr+Ir
spectra.

The o+cr+ spectrum is quite different from the two
others: no structure is observed in a very large energy
range (E ~ —220 cm '). For a lower energy range very
narrow and asymmetrical structures appear; they look like
Fano profiles with a factor q of the order unity. ' Be-
tween two such "dispersion curves" there is a sharp, nar-
row» Rnd symmetrical I'csonancc.

The three spectra o+cr, o+Ir, and o+cr+ are very dif-
ferent ones from the others, especially in the energy range
E ~ —200 cm. ' This proves again that the intermediate
state 5283&2 is a pure I&——1 state; otherwise the o+o.+
spectrum mould have been polluted by resonances in the
vicinity of the zero-field-ionization limit. The lack of
structures in the o.+m. spectrum at E & —100 cm ', and
ln thc o o spectrum at E Q —200 cm can bc lntcl-
preted in the hydrogenic model. From the nonperturba-
tive solution of the Schrodinger equation describing the
hydrogen Stark effect, we have determined the position,
wldtll, RIlcl pRrtlR1 dcllslty of sfafcs Rssoclatccl wltll thc lcs-
onances located nearest to the zero-field-ionization limit,
for states

~
ml

~

=0, 1, and 2 which can be observed in the
o.+o. , o.+m, and o.+o.+ spectra, respectively. Results are
presented in Table I. In hydrogen, relatively narrow
structures (I'&1 cm ') are predicted near the zero-field-
ionization limit, but the most excited resonances corre-
spond to states mI ——0. Broader structures are associated
with smaller density of excited states; consequent1y, they
correspond to a small probability of excitation by absorp-
tion from the lower state 5 P3/I and they are not observed
in the photoionization spectrum.

By comparing the three spectra, one can remark that
some resonances appear in the spectra approximately at
the same energy, but they have quite different widths and
profiles. For example, the narrow resonances appearing in
the o.+o. Spectrum at E-—200 cm ' are degenerate
with the broad structures of the cr+Ir spectrum.

C. Identification of the resonances:
Importance of the spin-orbit interaction

From the analysis of the experimental data, it has been
shown that it is possible to classify the structures of a
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given spectrum in two different groups, the resonances of
the same group having similar profiles. Furthermore, one
can compare the present results to those obtained in a
similar experiment and for the same electric field strength
with the sodium atom. It is then to be noticed that, in a
given energy range, the structures are twice as numerous
in the rubidium atom as in the sodium atom, provided
that the Earth's magnetic field has been cancelled.

In the sodium atom we have identified all observed
structures by using the parabolic quantum numbers n, n &,

m~ occurring in the hydrogenic model. In this experi-
ment the orbital magnetic quantum number m~ remains a
good quantum number, and each structure in photoioniza-
tion spectra corresponds to a well-defined mi value: The
o.+o. , o+m, and o.+o+ spectra correspond, respectively,
to final states mi =0, 1, and 2. In the analysis of rubidi-
um spectra, if one supposes that mr is an exact quantum
number, only one resonance out of two can be identified in
each spectrum; more precisely, only broader structures can
be labeled.

However, keeping in mind that there exists an apparent
degeneracy in the structures of the three rubidium spectra
and that rubidium is a heavy atom, it is reasonable to as-
sert that the symmetry breaking with respect to m~ arises
from the spin-orbit interaction, which mixes excited states
with the same mj value but with two different m~ values
(mi =mj+ —,

' ). ~ith this assumption, the structures of the
o+0 spectrum correspond to final states mj = —,

' associ-
ated with the two series m, = —,, m~ ——0 and

rn, = ——,,m~ ——1. Similarly, in the o.+~ spectrum, one ob-
serves mj= —, states corresponding to the series —,, 1 and
——,', 2; lastly, mj = —, states and —,,2 and ——,', 3 series are
to be considered in the analysis of the o.+a+ spectrum.
All structures observed in the three spectra can be labeled
by using the hydrogenic model. In each spectrum the two
series correspond to different m, values: the broad reso-
nances being associated with m, = —,

' while the narrow
ones correspond to m, = ——,'. Identifications of the struc-
tures are written in Fig. 1.

Let us recall that in the photoionization spectra of the
st~t~ 5 ~3~2, m,

' = ~, mi' =1, mj = 2, one reaches f
states with quantum number mj 2 2 or 2 accordingly
as the polarization of the photoionizing light is of the type
o. , m. , or o.+. In the final states only states with m, = —,

'

ean be excited by direct absorption because the transition
operator is spin independent.

The experimental study of the photoionization Stark
spectra of the state 5 P3/2 F=4, MF ——4 of the rubidium
atom has made it obvious that the spin-orbit interaction
strongly perturbs the spectra in the vicinity of the zero-
field-ionization limit. Indeed, even if it is weak, this cou-
pling is sufficient to lead to the appearance of additional
structures in the photoionization spectra.

the same set of parabolic quantum numbers (n, ni, mi) to
two resonances in spite of their different profiles and
widths; the first one belongs to the spectrum mj =m~+ —,,
whereas the second one belongs to the spectrum

mj =m~ ——, . For example, the m~
——1 resonances appear

1

as narrow structures in the o.+o. spectrum, but they ap-
pear as broad structures in the o.+m spectrum. However,
as has been shown previously ' for interpreting the pho-
toionization spectra, the most important quantity to be
considered is the oscillator strength density rather than
simply the density of excited states. Indeed, the oscillator
strength density is a nondiagonal quantity involving the
overlap of two different wave functions, so important in-
terference effects may appear in its calculation. Conse-
quently, the energy dependence of the density of oscillator
strengths can strongly differ from that of the density of
excited states.

A. Interpretation of the different profiles
observed in the Stark photoionization spectra

of rQbldiQm

The main characteristics of the profiles observed in the
rubidium Stark photoionization spectra can be interpreted
qualitatively as discussed below. In the nonrelativistic hy-
drogenic approximation (Hamiltonian Hp), and in the vi-

cinity of the zero-field-ionization limit, the Stark spec-
trum consists in discrete states labeled n, n~, m~, m, and in
continua labeled E,n ~, m~, m, . In the rubidium spectrum
these different states are coupled either through the non-
Coulombic part 5V of the central potential or through the
spin-orbit interaction A. The interaction AV couples only
those states having the same m~ and m, values; the matrix
elements of this interaction are related to the quantum de-
fects hi= nb, V„—i of the unperturbed atom for states
I )

~
mr

~

. Indeed, if the exact electrostatic energy E„~ of a
Rydberg state n, l, mr, m, can be obtained within the first-
order perturbation theory, one can write

En&= +&n I mr ms i
b, V in I mr ms)

—1

2ll

—1 —12+~V.~=
211 277

From this equation it is obvious that 3 V„~ is negative.
The spin-orbit interaction A couples the states having the
same mj=m~+m, value. For a given mj value, discrete
and continuum states m~+= mi 2 ms+ =

2

m~ ——mj+ —,',m, = ——, are mixed by the interaction A.
The matrix elements of this interaction can be expressed
in terms of the spin-orbit integrals g'r=n g„r which are
positive. Indeed, one can write, if

~
m&

~
(I,

l
E, m, ,m,

I
& In, ~, m, , m, ) = m, m,

fl

III. ANALYSIS OF THE DIFFERENT
PROFILES OBSERVED IN THE RUBIDIUM

STARK PHOTOIONIZATION SPECTRA (n, l, mr, ——,
'

i
A

i n, l, mi 1,—,
' )— (2)

As said before, in the analysis of the photoionization
spectra of the rubidium atom we have been led to assign [l (l + 1)—mr(mi —1)]'~

Pl
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These relations obtained for the discrete states of the un-

perturbed atom can be generalized to the study of continu-
um states describing the atom in the presence of an exter-
nal electric field by replacing iln by the density of con-
tinuum states with energy E.

The exact wave functions @(a;mJ,E) of the total Ham-
iltonian corresponding to the energy E and to the quan-
tum number mz can be written as

e(a;mJ, E)=gad+(a;mJ, E)lpd++yad (a;mJ, E)lpd
d d

+g f b„+,E (a;mJ, E)%„+,EdE'

tion operator T:

df(m, ,E) g / (g f
T

f
C&(a;mJ, E))

/

2 .
a

In the present study the lower state is 5 P3/2mI' ——1,
m,

' = —,. As the operator T is not depending on the spin
of the electron, only the states yd+ and %~+E can be excit-

1

ed directly from the ground state. Furthermore, the state
g is localized in the vicinity of the nucleus; so
df (mJ, E)IdE is proportional to the total density of states

(E):

+g fb„,E (a;mJ, E)%„,zdE',
n&

where gad+ and yz are wave functions for discrete states
mi+, m, + and mi, m, , respectively. The sums over d
include the different discrete states characterized by the
quantum numbers n and ni. The wave functions 'P„E

n&

and V„E are associated with the continuum states of en-

ergy E', with parabolic quantum number n~ and with
quantum numbers mi+, m, + and mi, m, , respectively.
The index a is used to characterize the different degen-
erate orthogonal and normalized eigenstates of the total
Hamiltonian

(4(a;mJ, E)
~

4(a', mJ', E') )=5«5, 5(E E') . —

For a discrete set of eigenstates of Ho E+ an—d X
discrete states yd+ and gd, respectively, and M+ and M
continuum states 4„+E and %„~, respectively —the exact

wave functions 4(a;m&, E) can be constructed using the
diagonalization procedure introduced by Fano' and ex-
tended to include the interaction of the N =%++X
discrete states with the M =M+ +M continua.

It is possible to define 4 (E), the total density of
J

states, with energy E and quantum number mj in the con-
tinuous spectrum associated with the total Hamiltonian
H. Indeed, for a continuous spectrum the amplitude in
the asymptotic region of a normalized wave function is

entirely determined and it varies regularly with the energy.
On the contrary the probability of finding near the nu-

cleus a state with quantum numbers mj and E does not
vary smoothly in the whole energy range; it represents the
total density of states

,(E)~g
~
4(a;mJ, E;r) ~, for

~

r
~

small . (5)
a

In the present problem, as the eigenvalues of the
discrete states lie within the continua, the total density of
perturbed states exhibits a resonance structure. If X
discrete states are coupled to M continua, the number of
resonances appearing in the density of states is at most
equal to N, provided their widths are smaller than their
spacings.

In the photoionization spectrum from a lower state g
obtained with polarized light exciting only upper states
with a given mJ value, the density of oscillator strengths is
proportional to the squared matrix element of the transi-

df(mJ, E)
(E)I(g,e;E) .

The factor I which depends on the lower state g and on
the polarization e of the photoionizing light, modulates
the density of states; it takes into account interference ef-
fects between the different photoexcitation channels intro-
duced in the matrix element of the transition operator.
Consequently, in order to interpret the number of reso-
nances which appear in the photoionization spectrum of a
given energy range it is necessary to explicitly take into
account all of the discrete states present in this range,
these states being excited either directly or indirectly from
the lo~er state.

If one supposes that the different resonances are well
resolved, the resonances can then be analyzed indepen-
dently. The width I d of a resonance associated with a
discrete state yd of energy Ed+can be eva—luated from the
golden rule; it is given by the following relation which is
valid for uncoupled continua:

I d =2~2
I &md IH le; +& I' ~ (&)

The sum includes all the continua which are coupled to
yd-. The width I d (I d ) is given by the sum b, V+ A, AV
couples the discrete state yd+ to the continua 4„+, E (yd to
'Il„, @), and the interaction A couples gd+ (q&~ ) to the con-

tinua 4„+ E and O'„E. Consequently, in order to interpret

the widths of the resonances it is necessary to introduce all
the continua which are coupled to the discrete states, these
continua being directly or indirectly excited from the
lower state.

A given discrete state di described by the set (n, n i,mi)
can be observed in both spectra mj ——mi + —,

'
and

mj ——mI ——,,
' the profiles associated with these two reso-

nances pd+ and yd, can be different inasmuch as their

widths I d or their Fano parameters qd- are not identical.

If the spin-orbit interaction is smaller than the electrostat-
ic interaction, the widths I d and I d are nearly equal.

1 1

But if these two interactions are of the same order of mag-
nitude, their contributions interfere constructively in the
calculation of I d but destructively for I ~ if mi is posi-

1 1

tive [see Eqs. (1) and (2)]: In this case I d and I d, are

very different. The parameter qd+ depends simultaneously

on the width of the state I d, and on the matrix elements

D and d of the operator T connecting the lower state g to
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and O'„+ E, respectively; the parameter q~+ being non-

vanishing, the resonance y~ exhibits a typical Fano pro-

file. For the resonance &p~, , the Fano parameter q~, van-

ishes, this state not being directly excited from the lower
state; then p~, appears as an "absorption hole" in the pho-

toionization spectrum.
It is also possible to compare the widths of the two

series of resonances y~ and y~ observed in a given

spectrum mj. If the electrostatic interaction hV is larger
than the spin-orbit interaction A, then the resonance p~+

is larger than the resonance q~ . Indeed, the widths are

directly related, respectively, to the quantum defects

i&2 and 5 .+i&2 which verify bm —in) ~m. +i/2J J J ~J
decreasing with increasing l value. This feature has been
observed in the analysis of the o+o and 0.+n spectra of
rubidium.

B. Model calculation

n& n&

Similar equations can be written for the states p~ . Then
it is equivalent to state that all resonances interact with
just two continua

'4 =Q&n+, i,EP.+, ,E
n&

and

q'E =g~n, ,E'pn, ,E ~

n&

The matrix elements of the interaction which couple the
discrete states y~ to the continua OE and O'E can be writ-
ten as follows:

(P~ I
b, V+ A

I
4E ) =U~++A, ~

+ ——V»

In the energy range E-—200 cm ' the resonances of
the type y+ are located between two structures associated
with discrete states of the type qr . In order to interpret
quantitatively the recorded profiles, we introduce a simple
model involving two series of N+ N=3 d——iscrete states
of the type g+ and y, respectively. These states are cou-
pled to the two continua %E and O'E. Indeed, the interac-
tions 6V or A which couple discrete y~ states and contin-
uum O'„— E states are short-range interactions and it is

possible to factorize the matrix elements as follows:

(q)g+
I
b, V

I
qI+ E)=up+co+ E,

(q„+
I
A

I e„,E) =X~+~„+,E

and

(yg I
A

I
qj„, E)=Ay co„, E

With

g(CO„+, ,E) =g(co„,,E) =1 .

&q„ I

A
I
qE+&=X~+=W'i,

(~, I—b,
V+AISLE)=U,

+A,, =W, .

The states O'E+ and y+ can be excited directly from the
ground state g, and the matrix elements are written as

&g I
T

I Pa &=» &g I
T

I +E ) =d

For all states belonging to the same series we suppose that
the strengths of the coupling with a given continuum are
equal and that their probability of excitation from the
1ower state is the same. No coupling between the discrete
states has been introduced because these interactions can
be neglected if their strengths are much smaller than the
energy difference between the two discrete states. We also
neglect the coupling of the two continua due to the spin-
orbit interaction. Indeed, far from the nucleus the ampli-
tudes of the continuum wave functions are large, but in
this region the strength of the spin-orbit interaction de-
creases rapidly (as 1/r ); consequently, (%E

I
A

I
%E )

«1. Furthermore, the strengths of this coupling can be
related to the coefficients 5, kq, and A,z

+ inasmuch as
continua correspond to quasidiscrete states for which the
field-ionization process cannot be neglected; then the
broadening of these states is at least equal to their spacing
5. In this approximation we have verified that the intro-
duction of the coupling between the two continua does not
modify the calculated profiles. '

The studied model is presented in Fig. 2. For a given
set of parameters (E;, V;, W;, d, and D) the total density
of oscillator strengths df jdE is calculated according to
the method described by Fano. ' The total density of
states S(E) is related to the quantity

D (E)=g[ I
aq+(a, E)

I

'+
I
uq (~,E)

I

'] .
d, a

For a given energy E, D (E) is equal to the total weight

vi &s

vf,

V, E,

FIG. 2. Schematic representation of the different discrete and
continuous excited Stark states with a given mj value (mj = 2,
2, or 2 ). The mutual couplings are due to the following: AV,
3 5

the non-Coulombic part of the central potential; A, the spin-
orbit interaction. These states are excited from the intermediate
state 5 P3&2, mI' ——1, m,

' =
2 =g of the 'Rb atom through elec-

tric dipole transitions (d and D).
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of the discrete states of energy E in the exact wave func-
tions 4(a;E) of total energy E [Eq. (3)];D(E) shows how
the discrete states are "diluted" in the actual stationary
states of the continuum spectrum because of their cou-
pling with the unperturbed continuum states. The energy
dependence of D(E) and dfldE can be very different;
indeed, D(E) characterizes the autoionization phenom-
enon while df IdE introduces supplementary interference
effects associated with the photoionization process and de-

pending on the matrix elements d and D of the transition
operator. In the studied examples the resonances observed
in the density of states are rather well resolved; their indi-
vidual width are nearly equal to the value obtained from
the golden rule. However, important interference effects
occur in the calculation of the density of oscillator
strengths, which proves that the different resonances can-
not be studied independently. Some results are presented
in Fig. 3.

In the o+o. spectrum, upper states IJ = —,
' are excited.

The discrete states ip+ (mt ——0, m, = —,
'

) are coupled to the
continuum O'E+ through the non-Coulombic part of the
central potential 6V, and V& is mainly related to the quan-
tum defect b,, which is large. ' The discrete states qi

(m~ = 1, m, = ——,) are coupled to the continuum %z
through interactions AV and A; consequently, 8'2 can be
expressed in terms of bz and gz. As the quantum defects
bI are decreasing with increasing I, one can suppose that

~
V~

~
&

~
W2 ~. States associated with different m,

df
dE

values, q+ and O'E or y and WE, are coupled through
the spin-orbit interaction and the couplings V2 ——Wt can
be expressed in terms of g~. Furthermore, taking into ac-
count Eqs. (1) and (2), one can suppose that V~ and 8'2
are negative and V2 and 8'~ are positive. Both states and
oscillator strength densities have been calculated for the
following set of parameters:

E3 —E) ——E4 —E2 ——3.0, E2 —E) ——2.0,
V&

———0.2828, W2 ———0.1728 (arbitrary units),

V2 ——8'i ——0.1414,

d = 1.0, D =0.3 .

In this approximation, for isolated resonances, the Fano
parameters are equal to q+ ——0.3377, q =0.0. The oscil-
lator strength density consists of broad slightly dissym-
metric structures separated by a symmetric three times
narrower resonance. The intensities of the different reso-
nances do not differ strongly. The calculated photoioniza-
tion spectrum reproduces rather well the experimental
structure observed in the o.+o. spectrum in the vicinity
of the resonance n =17, n~ ——15, m~

——1, m, = ——,
'

(see
Fig. 1).

The structures observed in the o+o+ spectrum corre-
spond to states mj ———', classified according to the two
series mI ——2,m, = —, and mI ——3,m, = ——,

' . The quantum
defect h~ and the spin-orbit interaction decrease with in-
creasing l. In order to interpret the structures observed in
the a+a+ spectrum, we suppose that EV and I are of the
same order of magnitude and we choose the following pa-
rameters:

0

D(E.) Ig
I I
I I
I I

I
i

g I
i

I I
g

'I /
//r

/I
I liI g I ~

I I
I 1

I I 'i

i I /~
i 'I /
I I / /I / /

/
// /

E3—E) ——E4.—E2 ——3.0, E2 —E( ——2.4,
V& = —0. 1414, 8 2 = —0. 1

V2 ——8'& ——0.1, (arbitrary units)

d =1.0, D =0.37 .

df
dE

(b)

0

D(E.) ii
rilt
IIII
I I

i',
i I I

I

I I Ii I

g a // iJ
/

E

FIG. 3. Calculated density of discrete states D(E) and densi-

ty of oscillator strengths df /dE obtained in a simple model con-
sisting of two series y+ and q involving three excited discrete
states coupled to two continua %~ and %E. The individual reso-
nances are characterized by their energies E; indicated by the
solid curve for y+ states and the dashed curve for the y states.
The states q and VE cannot be excited directly from the
ground state. (a) o+o. spectrum; (b) o.+o+ spectrum.

With this set of parameters q+ ——0.83, q =0.
The calculated spectrum consists of very asymmetric

structures separated by a less intense symmetric, and nar-
row resonance. It reproduces rather well the experimental
profile in the vicinity of the resonance n =16, n~ ——12,

1

I =» ~s = —I
In the analysis of these spectra it has been necessary to

take into account both the non-Coulombic character of
the central potential and the spin-orbit interaction. How-
ever, the relative importance of these two interactions is
not the same according to each studied spectrum. Furth-
ermore, this analysis clearly demonstrates that in a pho-
toionization spectrum the density of oscillator strengths
depends strongly on the excitation process (i.e., on d and
D) and differs greatly from the density of upper states.

IV. DISCUSSION: OBSERVATION OF PANO PROFILES
IN THE STARK PHOTOIONIZATION SPECTRA

OF ALKALI ATOMS

In this simple model discussed above, it has been shown
that the states m, = ——,, which cannot be populated
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directly by absorption from the lower state 5 P3/2 tnt —1,
m,

' = —,, are associated to additional structures in the pho-
toionization spectra. These resonances look like sym-
metric peaks but they are not located at the energy E of
the discrete state (see Fig. 3). These structures correspond
actually to holes in the absorption curve (q =0), and
these minima are cut out in the large profiles correspond-
ing to the resonances y+. The width I does not corre-
spond to the width of the symmetric peak, but it is direct-
ly related to the width of the hole centered at E . This
discussion demonstrates how difficult it is to analyze an
absorption spectrum in which numerous resonances ap-
pear. If the widths of the resonances are of the same or-
der of magnitude as the energy difference between two
consecutive discrete states, there are interference effects
between the different profiles in the calculation of the
transition matrix elements and the structures cannot be
studied independently.

In the energy range located between the classical field-
ionization limit E, and the zero-field-ionization limit Eo,
the Stark spectrum of hydrogen consists of quasidiscrete
states superimposed to ionization continua. In alkali-
metal atoms, asymmetric peaks, characteristic of the in-
teraction between a discrete state and a continuum, are
thus expected to appear. However, typical Fano profiles
are not so numerous in the experimental spectra; indeed,
such profiles, described by the well-known analytical for-
mula [Eq. (21) of Ref. 12], are observed if only single
states interact with continua and if these interactions can
be regarded as independent of the energy over a sufficient-
ly large range.

Near E„in the hydrogen model, there are few continua
associated with small n~ values. Between the n~ ——0 and
n& ——1 parabolic ionization thresholds associated with a
chosen mI value, only one continuum is to be considered,
and the theoretical analysis is much more simple. Howev-
er, in this energy range quasidiscrete states are very
numerous; for example, for P =2189 V/cm, the first two
parabolic ionization thresholds mr ——0 are separated by 5.4
cm ' and in this energy range there are six quasidiscrete
states mI ——0. Consequently, in a nonhydrogenic system
these discrete states are associated with typical Fano pro-
files as long as the coupling between discrete and continu-
um states is sufficiently weak. Fano profiles could prob-
ably be observed in similar conditions in the lithium spec-
trum. Indeed, the theoretical width, calculated by taking

into account the non-Coulombic part of the electrostatic
potential, is approximately equal to 0.07 cm '. Let us re-
mark that the asymmetry of these narrow profiles should
be observed experimentally provided that high-resolution
techniques be used. The corresponding widths in the sodi-
um atom are of the order of 1 cm ', therefore, it is not
possible in this atom to analyze the structures indepen-
dently because interference effects exist between the dif-
ferent resonances. In the rubidium atom' Fano profiles
due to the spin-orbit interaction could probably be ob-
served in this energy range E-E,.

Near the zero-field-ionization limit, quasidiscrete states
are not numerous and typical Fano profiles are frequently
observed, especially in light alkali-metal atoms such as
sodium, ' for which the non-Coulombic character of the
central potential kV is not too large. However, let us re-
mark that a quasi-discrete state which possesses in the hy-
drogenic approximation a non negligible ionization width,
cannot correspond in a non-hydrogenic spectrum to a
structure having a typical Fano profile [Eq. (21) of Ref.
12j because it is not possible to neglect the energy depen-
dence of the coupling between the quasidiscrete state and
the continua. The theoretical calculation of the resulting
profiles in this energy range is relatively difficult because
numerous continua must be taken into account. Further-
more, it is necessary to express the coupling between dif-
ferent continua and between different energy eigenfunc-
tions within each continuum. ' This procedure has been
successfully applied to the analysis of the Stark two-step
photoionization spectrum through the 3 P term of sodi-

um. ' For this atom it is possible to study only one single
discrete state. An alternative different approach does not
consider the different resonances independently, but it
directly calculates the photoionization probability versus
the wavelength of the photoionizing light. This method,
developed within the framework of the multichannel
quantum-defect theory, separately considers the short-
range interaction 6V and the long-range interaction asso-
ciated with the Coulomb-Stark potential, and introduces
the contributions due to the spherically symmetric ionic
core in terms of quantum defects. These two methods do
not take into account the spin-orbit interaction. It will be
very interesting to extend both methods to obtain quanti-
tative results concerning the Stark photoionization spectra
of heavy alkali-metal atoms.
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