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Mg 3pnd (J =3) autoionization spectra using isolated-core excitation
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The Mg 3pnd J =3 autoionizing spectra have been studied for n values ranging from 9 to 40, us-

ing an isolated-core excitation technique with ion detection. The measured spectra are found to be
in generally excellent agreement with results from a calculated reaction matrix. The observed spec-
tra exhibit strong interseries interactions between the 3pl/. nd;/2 and 3p&/2nd, series, and, for
n 15, interferences between the amplitudes for excitation of the core electron to the 3P, /, and
3P3/2 ion states. Classifications of states for n «29 are tabulated. We discuss the difficulties in
deducing autoionization rates for Mg from the experimental and theoretical data, the implications
of which could have relevance to dielectronic recombination rate calculations.

INTRODUCTION

In recent years a number of experimental and theoreti-
cal' studies have been undertaken of autoionization of
doubly excited alkaline-earth atomic states. The
isolated-core excitation technique (ICE) has enabled pro-
duction of a large number of well-defined autoionizing
states, many of which cannot be reached from the ground
state by photoionization on account of selection-rule re-
strictions. Furthermore, with this method there is virtu-
ally no continuum excitation, and hence the resulting
spectra are not complicated by interferences between
discrete and continuum excitations.

We report here the study of the 3pnd( 1 =3) doubly ex-
cited states in magnesium using ICE for n ranging from 9
to 40. These experimental data are in very good accord
with calculated spectra. Earlier experimental investiga-
tions of ICE in alkaline-earth elements have focused on
barium, strontium, ' and calcium. Apart from some
preliminary results by Bonanno et al. , magnesium has
not been previously studied using this technique. Mag-
nesium differs from the previously investigated alkaline-
earth atoms in that its lowest-lying ms and mp ion states
(m =3 for Mg) are not accompanied by a lower-lying
(m —1)d state. Thus, there are only two continua into
which the Mg doubly excited states may decay (below the
Mg+ 3P, &z limit), compared with 12 for the analogous
system in the heavier alkaline-elements. The existence of
only two continua makes interference effects more prom-
inent and allows a more complete modeling of the au-
toionization process. Additionally, the fine-structure
splitting of the Mg+ 3P, &2 and 3P3&2 terms (92 cm ') is
much less than the splitting of the equivalent terms in the
heavier alkaline-earth elements (cf. 220 cm ' in Ca
—800 cm ' in Sr+, and -2000 cm ' in Ba+). The
smaller splitting has two manifestations. First, members
of the series converging to the Mg+ P, /2 limit can in-
teract with members of the 3p3/2nd~ series having n

values as high as 3S. Second, for n —13, the hn interval
between the Rydberg states of either series is equal to the
difference in the series limits. As a result, there are often
comparable excitation amplitudes to series converging to

the 3P, /z and 3P3/2 limits, leading to spectra with not-
able interference effects, which are effectively absent in
the ICE spectra of the heavier elements.

Over the past decade, two approaches have been taken
to match experimental data to the multichannel
quantum-defect theory (MQDT), the theoretical method
that provides the best physical description of the underly-
ing atomic dynamics.

The first approach is still frequently used and involves
the empirical determination of a set of parameters
representing the interaction between specific channels by
fitting the measured peak positions and widths of the au-
toionizing states. However, this can prove rather
cumbersome, especially when many channels are in-
volved. Furthermore, if the observed spectra exhibit nar-
row peaks, the widths of which are limited by the laser
linewidth or other experimental effects, such fitting may
not be feasible.

The second, more recent, approach utilizes an eigen-
channel R-matrix method calculation combined with
MQDT for the atomic species of interest. '" For a partic-
ular total angular momentum J, the resulting nearly
energy-independent reaction matrix K may then be used
to calculate the autoionizing spectra arising from excita-
tion from any initial state. Most of the computational
difficulty is associated with calculation of the K matrix;
once evaluated, it is straightforward to synthesize spectra
corresponding to excitation from a different initial state.
Thus this is the approach used here. Greene" has calcu-
lated the K matrix relevant to this J=3 odd-parity prob-
lem, and we use his K matrix to calculate synthetic spec-
tra. These spectra are compared to the experimental re-
sults, as described below.

EXPERIMENTAL APPROACH

Population of the Mg 3pnd states is effected by mul-
tistep laser excitation of the atoms in an effusive beam to
autoionizing doubly excited states, followed by detection
of the ions resulting from the decay of the autoionizing
atoms. Figure 1 i11ustrates the three excitation steps
used, along with their associated laser wavelengths. An
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FIG. 1. ICE excitation scheme used in this experiment. One
valence electron is prepared in a 3snd(n =9-40j Rydberg state,
and the second electron is excited by the third step.

advantage of this stepwise excitation method is that only
relatively low laser powers are required, as the laser-
driven ion transitions are single-electron transitions, two
of which are the resonance lines of the neutral and ion
species, respectively. All three steps require the exciting
photons to be circularly polarized in the same sense, in
order that the final 3pnd states have J=3. The rather
short wavelengths required in this scheme necessitate the
use of frequency doubling or mixing crystals for each
step. This complication is probably the principal reason
for the heavier alkaline-earth elements having been stud-
ies first; their excitation wavelengths lie in regions that
can be directly produced by dye lasers.

Figure 2 schematically illustrates the experimental ap-
paratus. An approximately S-ns-long, second-harmonic
pulse from a Quanta-Ray DCR-1 Nd:YAG laser (not
shown) is used to pump all three dye lasers. Dye lasers 1

and 3 are of the Littman design, ' and dye laser 2 is a
commercial model (Quanta-Ray PDL) that uses the
Hansch design. ' The linewidth of all three lasers is =0.8

cm '.
The output from the first laser is passed through a po-

tassium dihydrogen phosphate (KDP) doubling crystal to
yield the 285.3-nm wavelength necessary for excitation of
the 3s —3p 'P, resonance level. The term energy of this
level (35051.3 cm ') is greater than half the ionization
energy (61671.02 cm '), and hence two-photon or two-
step excitation of the ground-state atoms into the contin-
uum can occur with the first laser alone. Thus it is im-

portant that the frequency-doubled radiation be
sufficiently attenuated in order that the ion signal cannot
be observed when only the first laser beam excites the
atoms.

The output from the second laser is mixed with some
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FIG. 2. Schematic of experimental setup, as described in text. PDL: Nd: YAG-pumped pulsed dye laser; BF: blocking filter pass-

ing only short-wavelength beam generated in crystal; OG: argon optogalvanic tube used to provide absolute frequency scale; PD:
photodiode detecting etalon fringes to linearize scan', DBL CRYST.: KDP doubling crystal; MIX CRYST.: KDP mixing crystal.
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of the residual 1064-nm Nd: YAG fundamental beam in a
KDP crystal, to produce tunable radiation in the
400—375-nm range necessary to excite n =9—40. During
a scan, this laser is fixed at a wavelength appropriate to
the desired n value.

The output from the third laser is also frequency dou-
bled with a KDP crystal. For most scans, the laser is
tuned so that this doubled radiation covers a ~ 200 cm
range about the =280-nm wavelength necessary to excite
the Mg+ 3s —3p transitions. A servomechanical device
(Inrad Autotracker II) is used to maintain the phase-
matching condition for frequency doubling by continu-
ously adjusting the crystal angle as the frequency of the
third laser is scanned.

In order for the frequency of the third laser to be put
on an absolute scale, the part of the laser fundamental
frequency remaining after the beam passes through the
doubling crystal is sent into an argon discharge tube, and
the optogalvanic signal monitored as the laser is scanned.
Another part of this =560-nm fundamental is passed
through an etalon (free spectral range equal to 3.264
cm '), and the resultant fringes monitored on a photo-
diode. Using a least-squares regression method, the
fringe spacings are fit to a third-order polynomial, which
then is used to correct nonlinearities in the scan.

The beams from the first and second lasers are made
coincident, and circularly polarized using a Gian prism
and rhomb combination. They then pass into the vacu-
um chamber through a fused-silica window. The third
laser is independently polarized with another Gian prism
and rhomb before entering the chamber from the oppo-
site direction.

The effusive Mg atomic beam, produced by resistive
heating of an oven, passes between two 8X8-cm field
plates separated by 1 cm. The laser beams interact with
the atomic beam in the central region between the two
plates. An approximately +9-V pulse, applied to the
bottom plate = 1ps after the laser pulse, pushes ions aris-
ing from the autoionizing atoms through a mesh on the
grounded upper plate, where they are detected by a parti-
cle multiplier. Typical background pressure during scans
is 3X10 Torr.

The lasers are fired at a repetition rate of 12 Hz. The
resultant ion signals are amplified, sent through a gated
integrator, and stored in a microcomputer, while the
third laser is scanned slowly (typically 10—20 cm /min).
Also stored in the same data file are the corresponding
optogalvanic and etalon-fringe signals.

Tests were performed to confirm that the integration
time on the ion-signal gated integrator is small enough
not to introduce a measurable width to sharp spectral
features beyond that already attributable to the nonzero
laser linewidth.

SYNTHESIS OF SPECTRA FROM THE E MATRIX

As mentioned above, we have calculated spectra using
a reaction matrix calculated by Greene, " in conjunction

TABLE I. The eight jj-coupled and LS-coupled series with
J=3 and odd parity, each having a limit at or below the Mg+

3P3/p ion limit.

3sl/2&fs/2
3s i r2&f ~n
3p l /2 ed s/2

3p ~/2&d 3/2

3p~/2&ds/z

3p l /2 &g 7/z

3p s /2 &g 7/2

3p s/z &g 9/z

3pEd Dg
3sef ~F,
3ped'F',
3sef'F,
3p&d F)
3p6g 'F,
3peg'F &

3p6g G)

with parameters appropriate to our excitation scheme.
There are eight possible odd-parity J= 3 channels below
the Mg+3p states, as listed in Table I. In the calculations
we have included only the five configurations correspond-
ing to 3ped and 3sef and have ignored the 3peg
configurations. Our neglect of all states converging to
higher Mg+ states seems well justified, since the lowest
one, the 3d+ limit, lies -35000 cm ' above the 3p+
limit. As a result, the effective quantum number of a
doubly excited 3dnl state is very low, =3.5, in the region
of the 3pn'd(n'=9 —40) states. Since the lifetime of Ryd-
berg series members scales as v, where v is the effective
quantum number (equal to n —5, 5 being the quantum de-
fect of the series), such a 3dnl state should be very short
lived, Any contribution from it to the observed spectra
should be very broad, yielding a small overall increase in
the background. On the other hand, the 3p eg
configuration might be expected to have a greater
influence than 3dep on the spectra. These high-I states
should have quantum defects of approximately zero. Of
the 11 experimental spectra from n =10—20, only four
exhibit features at or near energies associated with zero

quantum defect, and hence one cannot neglect 3png states
a priori. However, the finally synthesized spectra match
the experimental scans very well without these
configurations, providing an a posteriori justification for
their exclusion. The observation of features at or near
zero quantum defect (reproduced in the calculations)
seems coincidental. The five channels used in this
analysis and their mutual interactions are shown
schematically in Fig. 3.

Greene has evaluated the reaction matrices at three en-
ergies, for the three LS-coupled terms by which the J=3,
odd-parity, 3ped and 3sef configurations may be de-
scribed. These energies, at -0.40, -0.39, and -0.38 a.u.
below the lowest-lying Mg + limit, correspond to Mg
term energies of 95148.8, 97343.5, and 99538.3 cm
In our calculations the energy-interpolated K matrix is
found by fitting a parabola to the values at these three en-
ergies. The blocks comprising these matrices are present-
ed in Table II. (It should be emphasized that use of these
matrices is not restricted to J=3 states. For instance,
the same D K matrix, given here as a 1 X 1 subblock, is
also among the matrices included in the evaluation of the
J= 1 spectra. ) The procedure used to synthesize the
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spectra from these matrices will now be outlined, expand-
ing upon the description given by Greene and Kim' and
Lee and Lu. '

The E need to be transformed from LS-coupling to
I

the jj-coupled dissociation channels most suitable for
MQDT analysis. This orthogonal 5X5 transformation
matrix V is evaluated using standard 3n —j tables' and
presented along with the LS- and jj-coupled states:

3s (/2' 5/2

3s(/2 f7/2

3p(/2&ds/2

3p 3 / 2
6'd

3 /'2

3p 3 /2 ed 5 /2

0
0

3/2/9
—&1/15
3/32/45

3/3/7

&4/7
0
0
0

0
0

—v 1/3
&2/5
&4/15

&4/7
—&3/7

0

0
0

0 3ped D

0 3sef 'F
3/4/9 3ped 'F
&8/15 3ssf 'F

—&1/45 3ped 'F

K =VX V. (2)

EJ~ may be in turn diagonalized:

(K");,= g U, tan(7r)M, )(U, ) (3)

where U is the 5 X 5 unitary transformation and tan(7r)u )

are the eigenvalues of Ejj Alternatively, one can find the
5X5 eigenvector matrix that diagonalizes I( and then

P3/2+-Piiiiil~

This V may then be used to transform E into the jj-
coupled basis using

multiply it by the jj —LS transformation to yield U; .
For brevity, we number the five jj-coupled dissociation

channels in Eq. (1) from 1 to 5, beginning with 3s)/2f5/2.
Channels 1 and 2 are open —that is, their limit lies below
the -96000-cm ' term energy of the final, laser-excited
state. Channels 3, 4, and 5 are closed, channel 3 having
an effective quantum number v& with respect to the Mg+
3P, &2 limit and channels 4 and 5 having an effective
quantum number v~( =v5) with respect to the 3P3/2 limit.

The wave function describing the electron and ion sys-
tem following autoionization is termed a collision eigen-
state. There are as many of these collision eigenstates as
there are open channels, and each collision eigenstate
%"1' corresponds to a linear combination of the open
channels with the same highly energy-dependent continu-
um phase —m~ .

Each 4'1" may be expressed as a linear combination of
close-coupling eigenchannels P

)11(P)—y B(P)y (4a)

n=35

or of the dissociation channels (I), ,

)l)(p) —y g (p)y (4b)

nCI 5/2

n=30

nd 3/2

Each close-coupled wave function includes a scattering
phase —~p, and each dissociation channel includes a
phase shift of mv, . for the closed channels and —~~ for
the open channels.

The close-coupled eigenchannels naturally satisfy the
r =0 boundary condition, and the dissociation channels
naturally satisfy the r = ao boundary condition. The
dissociation-channel wave functions are related to the
close-coupled-channel wave functions by the unitary
transformation U; defined by Eq. (3). We take advan-

tage of this fact to express the wave function in a form
that simultaneously satisfies the r =0 and r = ~ bound-
ary conditions. This procedure leads to' '

A,(P)= g U, cos[7r(v, +p )]B'P', (5a)

1/2r&D/xi' I 0= g U, si [ ( n7+rpv)]B'P (5b)

FIG. 3. Illustration of interseries interaction and continuum
decay channels for the autoionizing Rydberg series studied here. A nonzero solution exists to B'~' if
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TABLE II. Elements of the matrix blocks comprising the 5 X 5 block-diagonal E matrices calculated by Greene (Ref. 11) corre-
sponding to the three energies (in atomic units with respect to the Mg'+ ground-state limit) used in this analysis.

Energy (a.u. )

-0.40

-0.39

-0.38

3Do

3p E'd

0.582 377 58

0.605 326 03

0.632 968 65

3sef

0.234 298 34
0.674 580 65
0.210405 33
0.697 276 64
0.184 781 09
0.715 751 12

I Fo

3p E'd

0.674 580 65
-0.311 813 84
0.697 276 64

-0.283 218 73
0.715 751 12

-0.257 400 59

3sef

0.240 425 48
0.814 795 71
0.208 646 82
0.735 945 24
0.183 114 13
0.670 628 29

3Fo

3p 6d

0.814 795 71
2.035 945 04
0.735 945 24
1.880 731 93
0.670 628 29
1.756 003 40

det t U; sin[zr(v;+j2 )])
=0 . (6)

In Eqs. (5) and (6), v; is replaced by —r for the open
channels (i =1,2 in this case, for term energies below the
3P1/2 limit of Mg+, and i = 1,2, 3 for energies between
the two 3P limits). Equation (6) determines the possible
values of ~ .

We first consider energies below the 3P»2 limit. In
this energy range there are two open channels, and nu-
merical evaluation of Eq. (6) yields two distinct r values
at each energy.

The labeling of each of these two resulting ~ curves
with a particular p value is unimportant for the calcula-
tion of the ICE spectra. Our ion-detection method can-
not distinguish between the two open channels, and
hence the observed cross section involves the sum of the
squares of the two p-dependent partial cross sections, as
will be shown below.

For each r at each energy, Eq. (Sb) can be used to ob-
tain the five B'~'. Equation (Sa) can be used in turn to ob-
tain the corresponding A )'.

The amplitude for excitation of collision eigenstate +'1"
from the initial Rydberg state Ia ) is given by a summa-
tion over the closed dissociation channels, viz. ,

i =3,4, 5

where the 3,'l" are scaled to produce a wave function
normalized per unit energy. ' The normalization integral
only depends upon the open channels i = 1,2:

&& & 3pJ vJ II, lrnl3st/2ndj )~jk~2l, (9)

where J, =
—,
' for i =3, and J;=—', for i=4, 5. (vJ Ilvl) is

t

the overlap integral between the outer wave function in
the bound nl state of effective quantum number v [bind-
ing energy —(1/2v )] and the autoionizing v'I channel at
the energy given by effective quantum number vJ relative

I

to the 3pJ ion limit. It may be expressed as'
I

2(vv')
2

sinzr(v' —v) .
v zr(v v)— (10)

It is useful to note that ( v'Iv) has a width of 1/v . If
this width is much less than the Mg+ fine-structure inter-
val, amplitudes to the 3p, &2nd5&2 series and 3p3/2nd~
series do not overlap and therefore do not interfere. On
the other hand, if the width of ( v'I v) is greater than or
equal to the Mg+ 3p fine-structure interval, interference
in the excitation amplitudes is significant. We shall re-
turn to consider this point explicitly.

The (3pJ vJ d, Ir„I3s,/2nd, ) are calculated using angu-
I

lar momentum algebra' and are listed in Table III. Also,
note that

The dipole matrix element may be written as a product
of radial and angular factors. Thus

(i Irla ) = (t(r)lr, la(r) ) (t'(Q)lr„a(A) )

a ( 3pJ lr, l3st/2 ) (vJ lk Ivd )
3 5J= 2'2

N = Q g U; cos[n.( r+jz )]B'~'—
i=1,2 a

(8)
& 3p t/2 lr. l

» t/2 & = & 3ps/2 lr I
3s t/2 &

Since we are unable to excite the Mg 3snd D2 states we
infer that the initial 3snd 'Dz Rydberg state Ia ) should
be well described by LS coupling. It may be re-expressed
in jj-coupling as as/213sl/2 d3/2)+as/213s~/2 nds/2&
where as/2=( —,

' )'/ and as/2=( —,')'/ .

TABLE III. J=3 matrix elements for the angular part of the
dipole transition amplitude.

& 3p1/zvd5/2 lrnl 3s, /znd, /, ) =const
& 3p z /2 vd z /2 Ir„l 3s, /z nd 3/z ) = —1.34 I 64 X const
& 3p z /z vd s/z I rn l

3s
~ /z nd 5/z ) = —0.894 43 X const

since the Coulombic force varies little for these two cases.
The energy-dependent amplitude for excitation of col-

lision eigenchannel p is found by combining Eqs. (7) and
(9), yielding

D, =+const'[ —( v'„,Iv) A IP'

+ ( vs/2lv)(1. 095 45/I g'

+0.89443/I g')], (l l)

where the upper and lower signs correspond to all the
laser beams inducing Am =+1 transitions, respectively.

The observed cross section for excitation of these dou-
bly excited J=3 states is given by
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cr =const Xco g ~D
~

p=1, 2

(12}

(a}
where co is the third-laser frequency. Clearly the polar-
ization helicity of the three laser beams is unimportant,
provided that all three are polarized with the same sense.

Above the 3P, /2 limit, there are three open channels
(3ssf5/z 7/z 3p, /zed 5/z ) and two closed channels

(3pz/znd3/z $/z). These three open channels result in
three eigenphase shifts r at each energy. The 3pz/znd
states lying above the 3P1/2 limit have n & 35. The width
of an overlap integral from a bound 3snd state is —I/n,
and hence for n & 35 this width is & 5cm ', a width far
smaller than the Mg+ 3p fine-structure splitting of 92
cm '. In this case the overlap integrals for the excitation
to the 3p»2nd5/2 channel and to the 3p3/2nd~ channels
do not overlap significantly, and we may ignore the exci-
tation amplitude to the 3p&/2'»2 channel when calcu-
lating the spectra of the 3p3/znd states. In this approxi-
mation the amplitudes for each excitation channel are
determined as in Eq. (11), and their sum yields the cross
section, as in Eq. (12). Thus

0 g)
O C

CD

C0 y)
+HA

O

CD

m ~
th0

0 1

35500 35600

1/2
l I

35700
I

35900

(13)

3

cr =constr'(v&/z~v} g (1.095453/'+0. 894432$')
p=1

=const X co ( v3/z ~
v }'Z

0--
35500 35600

t I I I

35700 35800 35900

where Z is an effective spectral density. Hence, the syn-
thesized spectra given by Eq. (13}can be regarded as the
square of the overlap integral for the p3/2 series times the
effective spectral density.

RESULTS

Spectra of the Mg 3pnd(J=3) states were measured
for all n values between 9 and 40 inclusive. Nonlineari-
ties in these wavelength scans have been corrected, and
they have put on an absolute frequency scale, as dis-
cussed earlier. At several n values, scans were repeated
with the third-laser beam attenuated by a factor of 2 or 4,
yielding essentially no change in the line shapes and rela-
tive amplitudes. This confirms that nonlinear effects
(e.g., depletion broadening' or optical saturation} caused
by the third-laser intensity are negligible.

Typical experimental spectra for n =10 and 23 are
shown in Figs. 4 and 5. The locations of the Mg+
3S1/2 —P1/2 and 3S1/2 —P3/2 ion lines are also indicated.
Also shown with each of these traces are the associated
synthesized spectra. The overall agreement between the
measured and calculated results is clearly very satisfacto-
ry.

Figure 6 shows scans for n = 15, with and without cir-
cularly polarizing optics. The bottom trace represents
excitation by linearly polarized light, and hence exhibits
both J= 1 and 3 features. Comparison of Figs. 6(a) and

6(b) enables one to identify the J= 1 and J=3 peaks in

the latter spectrum. The nearly total extinction of the
generally sharper J=1 features when the laser beams are
circularly polarized indicates that the degree of circular
polarization is very good.

Experimental resolution of the narrow and closely

Photon Energy (cm ')

FIG. 4. (a) Detected ion signal as a function of third-step
laser frequency for 3pnd, n =10. (b) Spectrum synthesized from
the K matrix for the same state. The small (-15cm ' for
n = 10) shift of the theoretical curve occurs only for the lowest n

studied; for n ~ 11, the agreement in peak locations is excellent.
The energies of the Mg 3s —3p resonance lines are indicated.

spaced features seen in the computed spectra is limited by
the instrumental linewidth. In order to account for this,
Gaussian line shapes of varying widths were convoluted
to the synthesized spectra, and a best overall fit to the
measured data was found for a full width at half max-
imum (FWHM) of 1.3 cm '. This instrumental
linewidth is most likely attributable to the linewidth of
the frequency-doubled radiation, which is expected to be
approximately &2 greater then the measured fundamen-
tal linewidth of =0.8 cm '. Figure 7 shows an n =19
scan, the corresponding calculated spectrum, and the
same synthesized spectra convoluted with an effective in-
strumental resolution of 1.3 cm '. Figure 8 presents the
same set of traces for n =30. The uppermost and lower-
most traces are clearly in very good accord. However, a
small but persistent discrepancy between theory and ex-
periment is manifest in the rightward skewing of the P3/2
bundle, as in Fig. 8. This effect is observed over a wide
range of n values.

For n values ranging upwards from 19, the clutter in
the spectra coalesces into two bundles associated with the
Mg+ P»2 and P3/2 limits. For scans corresponding to
the lowest measured n (=9, 10), only a few features are
seen in the spectra, although those features are generally
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FIG. 5. Measured and calculated spectra for 3p23d. The
bundle of peaks with photon energy close to the 3S&/&

—3P3/g

ion transition have an interpeak spacing indicating that they

originate from interseries interaction.

FIG. 6. Scan across 3p15d transitions with (a) all three lasers

circularly polarized with the same sense, (b) all three lasers

lineary polarized. The sensitivity of (b) is less than (a) by an un-

calibrated factor. Note that several of the sharp features are al-

most completely extinguished with circular polarizaton, indicat-

ing that they are J=1.

wide and not clearly associated with a particular ion line.

In fact, spectra calculated for these n over a much wider

energy region show a great deal of structure, which is not
seen in the experimentally limited scan range.

Interseries interaction is strong between the autoioniz-

ing states converging to the Mg+ 3P&/z and 3P3/z limits.

One interesting manifestation of these mutual interac-
tions can be seen in the structure of the P3/z bundle and

is most apparent in the higher-resolution calculated spec-
tra. The superimposed sharp oscillations are due to per-
turbations from the nearly degenerate higher-n p, /z

states (Fig. 3). For instance, Fig. 5 illustrates the super-
imPosed P&/z n -30 Peaks on the broad 3P3/z23d reso-

nance. In Fig. 8 the more closely spaced modulation of
the n =30P3/z bundle is due to the n-60P, /z states.
The spacing of these peaks matches the spacing expected
between adjacent n for Rydberg series converging to the
Mg+ P, /z limit which have the same term energy as the
lower-n p3/z features.

Members of the 3P3/znd~ series lie above the P»z limit

for n greater than 35. The 3p, /zed5/z channel thus no

longer adds structure to the p3/z spectral profile. Howev-

er, the interchannel interaction remains, and the spectra
are qualitatively indistinguishable from spectra such as
Fig. 8 just below the 3P»z limit. This continuity is

shown explicitly in Fig. 9(a), the observed spectrum of

the 3p3/z40dj states in the vicinity of the P3/z ion reso-
nance. The spectrum is nearly identical, apart from an
energy scaling, to the corresponding features in Fig. 8.
Also shown in Fig. 9 is the computed spectrum, found by
multiplying the underlying spectral density shown in Fig.
9(d) with the overlap function of Fig. 9(c), as prescribed
in Eq. (13).

Naively, one might have expected the spectral profiles
to be very symmetric above the P, /z limit, as are the
profiles of the analogous Ba 6p3/znd and Sr 5p3/znd,
states, but this is clearly not the case. Much of the asyrn-
metry in the spectral density Z shown in Fig. 9(d) may
be attributed to interference in the A4 and A~ ampli-
tudes. Moreover, the spectral density due to A4 alone is
very asymmetric; that corresponding to A ~ is more regu-
lar in appearance.

DISCUSSION

The strong interaction between the series converging to
Mg+ 3P&/z and the two series converging to 3P3/z can be
shown by ignoring the interaction with the 3sef con-
tinua and constructing a Lu-Fano plot from our data
for energies below the former limit (using data from n =9
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FIG. 8. 3p30d spectrum: (a) measured, (b) calculated, and (c)
calculated with 1.3-cm ' resolution.

to 26). Figure 10 shows two such plots, the upper one de-
rived from the experimentally observed peak energies, and
the lower plot constructed from the locations of the
peaks in the synthesized spectra. The overall agreement
between these two frames is a reflection of the generally
excellent quality of the calculated spectra. In the absence
of any interactions between the series, one would expect
the Lu-Fano plot to consist of one horizontal and two
vertical lines. The intercepts of these lines with the axes
would correspond to the respective quantum defects of
these (noninteracting) series. However, the behavior ex-
hibited in Fig. 10 emphasizes that in actuality the inter-
series interaction is substantial.

The two-dimensional diagram of Fig. 10 is somewhat
oversimplified and misleading, since interactions with the
3sef continua have been neglected. An accurate graphi-
cal treatment requires the construction of a three-
dimensional quantum-defect surface 4 defined by Eq. (6),
as shown in Fig. 11~ This surface consists of two sheets
corresponding to the two values of ~, within a unit cube.
The two sheets pass into each other upon translation by
one unit in any of the v, /2 V3/p or ~ directions. Below

the P&/2 limit, v&/2 and V3/p are related by the 92-cm
separation of the Mg+ 3P, /2 and 3P3/2 limits. Explicitly,

=8.35X10 +
3/2 V1/2

(14)

This equation is plotted for v3/2 19 to 20 in Fig. 12, a
range in which v&/2 varies from 22.7 to 24.5. If plotted in
the cube of Fig. 11, Eq. (14) would appear as sheets hav-
ing an intersection with the v&/2 v3/p plane given by Fig.
12. The locus defined by the intersection of these sheets
with the surfaces in the three-dimensional surface 4 of
Fig. 11 represents the path followed by the laser as it is
scanned across the ion transitions. Autoionizing states
occur where the phase ~ is changing rapidly along this
locus. This is simply a restatement of the fact that at
each autoionizing resonance there is a phase shift of m..
From the direction of the normal to S, the character of
the final-state wave function can be determined.

At any value of v, /z and v3/p along this locus, one can
define the normals n to the two sheets of $(each corre-
sponding to one of the two r ). The components of n in
the v, /p v3/2 and ~ directions are proportional to the
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in this ~ region that the locus defined by the intersection
of Eq. (14) with I yields a wave function with a high de-
gree of bound-channel character, and simultaneously
satisfies the overlap-integral criterion of Eq. (10). Assum-
ing that these peaks lie at the maximum phase shift from
the underlying continuum phase, one expects the contin-
uum phase to differ by 0.5, i.e., ~-0.1.

The complicated nature of the observed spectra makes
a complete assignment of all the observed peaks not only
a nearly impossible task, but also an effort of questionable
utility. Nevertheless, in the range of n =9 to 29, we have
classified most of the features by their term energies and
have assigned them to either the 3p, /2nd~/z, 3p3/pnd3/p,
or 3p3/pnd~/z series. This assignment was based upon
the smoothly varying nature of the quantum defects cor-
responding to each of these three series. Additionally,
the periodicity of the calculated spectral densities
A; [=(A,'") +(3,' ') ], i =3,4, 5 (Fig. 13) was used to
aid in identification of each peak with a particular n.
This periodicity is apparent in spite of the rather compli-
cated structure for n values up to 14 (Fig. 13). For higher
n, interseries interactions start to obscure the underlying
pattern. Particular features in the observed spectra can
be associated with features in the spectral densities, even
though most of the structures are common to all three
A, . The periodicity of these features (which become pro-
gressively less clear for higher n values) provides an addi-
tional check on the quantum-defect-based assignments.

These classifications are presented in Table IV, for n

values up to 29. We emphasize that the assignments of
states to the specific jj-coupled series, although mutually
consistent, are rather arbitrary, particularly in the case of
the 3p, /znd, /2 states. From the Lu-Fano diagram of Fig.

FIG. 13. All observed features in the final spectra correspond
to features in the underlying spectral density. (The apparent
strength depends upon the associated overlap integral as we11.)

For lower n values, the regularity apparent in the spectral densi-
ties corresponding to the three closed channels can be used to
assign observed spectral features.

10, it is evident that no feature can be accurately de-
scribed as having almost exclusively p»2 character.
(Such a state would have to lie along part of the
quantum-defect curve having a normal nearly parallel to
the vi&2 axis. )

The rather small separation of the Mg 3P, /2 and

3P3/2 limits gives rise to an important interference
phenomenon between excitation amplitudes to the
3p»2nd»z and 3p3/ ndj channels. This effect is most
pronounced at the lower n values ( ~ 15), where the width
of the overlap integral given by Eq. (10) is comparable to
the spacing of the Mg+ 3p states.

For n values less than or equal to 15, the central lobe of
this overlap function is sufficiently broad that the ( v'

~
v),

j=—,', —,each have significant amplitude 92 cm ' from
their respective centers, 92 cm ' being the energy
difference between the ion fine-structure states. In other
words, an incident photon with an energy corresponding
to the P3 /2 ion transition may excite the Rydberg atom in
two possible ways. The first is, of course, excitation of
the P3/2 ion with the outer electron playing the role of a
spectator. The second is excitation of the P&/2 ion transi-
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TABLE IV. Term energies and quantum defects of 3pnd, J=3 states determined from experimental

spectra. Estimated random uncertainty due to energy calibration and peak determination is 0.4cm
for most states.

State

p, /z9d

10d

11d

12d

13d

14d

16d

17d

18d

19d

20d

21d

22d

23d

24d

25d

26d

27d

28d

29d

Energy
(cm ')

95 507.6

95 913.5

96 199.6

96410.8

96 569.1

96 688.7

96 763.5

96 834.7

96 901.8

96 958.3

96 993.8

97 028.8

97 063.8

97 087.1

97 109.6

97 132.9

97 145.5

97 163.5

97 173.8

97 189.1

97 197.4

Quantum
defect

1.269

1.230

1.192

1.135

1.072

1.023

1.207

1.268

1.181

1.053

1.21

1.23

1.08

1.18

1.19

1.00

1.27

1.09

1.33

1.06

1.12

State

3p 3/29d 3/~

9ds/z
10d3/P

10d s/2

11d3/P
1 1ds/2
1 2d 3/2

12d s/2

13d3r2
13ds/2

14d 3/P

14dsn
15ds/2
15d s/2

16d3/2
16d s/2

17d3/2

17ds/2
18d3/2
1 Sd s/2

19d3/2

19ds/2

20d 3/2

20d s/2

21d3/2
21ds/2
22d 3/P

22d 5/2

23d3/P
23d 5 /2

24d 3/2

24d s/2

25d 3/2

25ds/2

26d3/2

26ds/2
27d 3/2

27d 5/2

28d 3/2

28ds/2
29d3/2
29d s/p

Energy
(cm '}

95 616.9
95 737.0
96 005.1

96082.5
96 279.6
96 329.7
96 481.0
96 514.3
96 634.1

96 654.6
96 749.9
96 789.6
96 853.5
96 873.7
96 938.8
96 961.1
96 985.1

97006.9
97 049.7
97 063.0
97 086.1

97 095.8
97 124.7
97 132.5
97 156.9
97 164.3
97 174.9
97 183.4
97 198.1
97 204.5
97 222.5
97 226.9
97 242. 1

97 245.9
97 253.9
97 256.1

97 269.6
96 271.8
97 280.1

97 283.8
97 291.4
97 294.6

Quantum
defect

1.224
0.954
1.230
0.982
1.242
1.022
1.258
1.064
1.272
1.119
1.315
0.929
1.226
0.979
1.082
0.732
1.329
0.932
1.057
0.752
1.19
0.93
1.10
0.86
1.02
0.75
1.34
0.99
1.33
1.03
1.11
0.86
0.95
0.71
1.17
1.01
1.00
0.82
1.12
0.78
1.05
0.73

tion instead, accompanied by an appropriate energy-
conserving adjustment of the outer electron. The in-
terference in the amplitudes for excitation through these
two autoionization paths leads to the observed interfer-
ence structure.

Of course, the above discussion is somewhat simplified.
Interactions between the doubly excited Rydberg series
corresponding to P»2 and P3/2 limits markedly perturb
the underlying spectral density, yielding new features and
introducing significant additional shifts to the effective
ion-line transition energies.

Interference effects in autoionization are ubiquitous.

As examples, interferences between excitation of an au-
toionizing state embedded in the continuum and direct
continuum excitation in ground-state photoionization
leads to the well-known Beutler-Fano profile, ' and in-
terferences arising from Raman coupling to the singlet
and triplet terms of an intermediate state can also be very
pronounced. In general, the effects observed are a func-
tion both of the excitation scheme used and the level
structure of the species of interest. The ICE scheme is in-
herently insensitive to Beutler-Fano-type interferences, '

and the near-rigorous I.S coupling of the bound magnesi-
um states results in very small amplitudes for excitation
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ID~ I'= [(Dp )„,]'+ [(Dp );„,]',
where

[(D,);,]'"[Ag']'& '

(15)

+ ( l.095 45 A g~' +0.894 43 A 'f ' }2
& v~ yt I

v &
2

(16a)

and

[(Dp);„,]
~ —2A 'f'(1.095 45 A f'

+0.89443A~g')&vigtlv&&v3„lv& .

(16b)

Figure 14 illustrates the importance of this effect. Frame
14(a} presents the synthesized 3p12d autoionizing spec-
trum, frame 14(b} shows the spectra resulting from use of
only the direct-excitation terms of Eq. (16a) in Eq. (12),

of intermediate triplet states. The overlap interference
observed here is a characteristic of the ICE technique. It
is not observed as a major effect in previously studied ele-
ments because of the greater fine-structure splitting of
their respective ms —mp ion transitions. In these ele-
ments this competing excitation path has an amplitude
proportional to the much-reduced higher-order lobes of
the overlap function. Alternatively, one might view this
interference effect as arising from the transition to LS
coupling of the low-lying Mg 3pnd states.

The easiest way to show quantitatively the magnitude
of this interference effect is to use Eq. (11) to write ~D ~

as a sum of direct and interference terms:

frame 14(c) is the associated experitnental spectrum, and
the final frame shows the two overlap integrals corre-
sponding to the Mg" P, &2 and P3/p limits. For higher n

values (n ) 20), overlap interference is much less impor-
tant.

The complicated nature of the Mg J=3 spectra makes
determination of the autoionization rates difficult. The
interseries interactions and overlap-interference effects, in
conjunction with the nonzero instrumental resolution,
prevent useful information from being obtained by mea-
surement of the peak widths, as can be done for simpler
systems. The calculated spectral densities are asym-
metric, even above the limit (especially A4). Hence the
widths of their features cannot directly be interpreted in
terms of rates. For this reason we do not present
comprehensive quantitative results here.

CONCLUSIONS

The 3pnd J=3 spectra in magnesium appear consider-
ably more complicated than their mpnd counterparts in
the previously studied alkaline-earth elements. The com-
paratively small, 92-cm ' fine-structure splitting of the
first-resonance ion states underlies much of this seeming
irregularity. The heavier elements, with their larger split-
ting, also exhibit interseries interaction, but it occurs for
correspondingly lower n values. Although the lack of a
lower-lying (m —1)d ion state in Mg aids in the theoreti-
cal modeling of the spectra, it is overshadowed by the
complicating effects of interseries interaction. The small
fine-structure spacing also is responsible for the impor-
tance of "overlap interference, " an effect which is to ICE
(under the appropriate conditions) as the Beutler-Fano
profile is to ground-state photoionization.

Overlap interference is very prominent in Mg, for n
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values —13, mainly because the nl series of autoionizing
states converging to the first excited p states of the ion
are in intermediate coupling rather than jj-coupling,
(that is, for this n the spacing between successive n levels
approximates the fine-structure splitting). In the heavier
alkaline-earth elements, this transition from jj coupling
to intermediate coupling in autoionizing states converg-
ing to the ion first-resonance level occurs at lower n

values and has been seen only in Ca. Interestingly, the
analogous states in beryllium, which has a 6.6-cm ' Be+
2p fine-structure separation, should exhibit interference
at n-30 —35. However, at lower n, the states become
well described by LS coupling, and the interference effect
should disappear.

The strong perturbations and interactions between the
underlying spectral densities seen in this study indicate
that the treatment of the doubly excited autoionizing

states as "isolated resonances" in Mg dielectronic-
recombination-rate calculations may not be completely
valid. The present study suggests that further considera-
tion of the relationship between the spectral densities and
the autoionizing rates is warranted.

Work is ongoing to extend this study to the Mg 3pns
and 3pnd J= 1 states and to analyze the angular distribu-
tion of the autoionizing electrons.
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