
P H YSI GAL RE VIE% A VOI UME 16, N UMBER 5 N 0 VE MBER 1977

High-lying levels in uranium atomic vapor near the ionization limit*
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This paper comments on the recent observation of Rydberg "progressions" in atomic uranium. A
multichannel quantum-defect analysis shows that the observed ion peaks are unresolved groups of levels with

different total angular momenta J and approximately the same effective quantum number v,„, and

configuration interactions are apparent. The possible number of channels and their assignment are outlined.

Rydberg series have been the dominant spectros-
copic feature of small atoms near their first ion-
ization limit. The special properties of highly ex-
cited Rydberg levels, e.g. , large orbitals, small
binding energies and, above all, regularities along
a series, historically have played important roles
in many areas of study. Because of their extreme-
ly complex spectra and the limitations of the tradi-
tional method of observation, Rydberg spectra,
have never been observed in heavy elements, like
uranium, until recently. '

One-electron photoexcitation from the ground .

configuration 5f'6dVs' in the uranium atom leads
to excited configurations of the type 5f' Vs'np, nf
or 5f' 6dVsnP, with the principal quantum number
n& V. For small n (n=V or 8) the excited electron
has a small orbit with large overlap of electron-
charge density with other electrons, and electron-
electron correlation is strong among va. lence elec-
trons. The levels generated are basically "non-
Rydberg. " However, when the excitation energy is
high enough to excite one electron far away in con-
figuration space from the ion core which contains
all the rest of the electrons, the interaction be-
tween them will then be Coulombic. This signifies
the generation of Rydberg levels.

We are therefore looking for an r, (a.u. ) such
that the optical electron nl sees a Coulomb poten-
tial from the ion core, e.g. , 5f' Vs', in the region

According to multichannel quantum-defect
theory (MQDT), ' ' r, is such a radius that the
spherical surface defined by it contains the ionic
core after escape of the excited electron. This can
be estimated by requiring all- core wave functions
to vanish beyond r, :

P),~ (r) - 0,

for r~r, for all A.k. For UI, r, -12 a.u. , from
a Hartree-Pock estimation. '

The criteron for MQDT parameters to exhibit
minimum energy dependence is r,e «1,'; e being
the energy range of interest measured relative to
the ionization limit in atomic units. In the case of
uranium, r, -12 a.u. , the spectrum range for Ryd-

berg levels to occur is

e -0.01 a.u. «&/r, -0.& a.u.

That is, energy levels originating from lower ion
core configurations begin to be Rydberg-like about
3000 cm ' below the ionization limit in uranium.

The I ivermore experiment' measures an energy
range about 500 cm ' below the ionization limit,
and therefore Rydberg spectra are expected. The
measured spectra were accessed from a lower
level with total angular momentum J=6,' and odd
parity. Neglecting hyperfine interaction, J is a
good quantum number. By dipole selection rules,
the measured ion signals are a superposition of
spectra with J=5, 6, or 7. Since the final states
are reached by three-step laser processes from
the ground state, they have even parity. %e begin
by counting and labeling channels whose Rydberg
series have total angular momentum J=5, 6, or 7

and even parity, with the optical electron e Lj con-
verging on various ionization limits I with the
core state C[BJ,]'. Table I is a sample of possible
channels. Channels consisting of an optical elec-
tron with l & 3 are neglected, since the experiment
is performed using atomic beams, ' and higher or-
bital angular momentum states popula, ted by colli-
sions are not likely. ' There are at least 4, 3, and
2 channels with J= 5, 6, and 7, respectively, con-
verging on the first ionization limit. There are at
least 4, 4, and 3 cha, nnels with J=5, 6, and 7, re-
spectively, conver ging on the 2nd ionization limit.
Similarly, one can count the number of channels

converging on the 3rd ionization limit and so on.
Since total a.ngular momentum J is a good quantum
number, configuration mixes only channels with
same J. The 20 channels conver ging on the 1st and
2nd ionization limits form 3 independent groups:
there are 8, 7, and 5 channels with J=5, 6, and 7,
respectively. Since the excited levels are reached
by lasers from a lower level with J=6,' the resul-
tant spectrum is a superposition of all channels
with J=5, 6, or 7.

At each energy level postion F„, a set of effective
quantum numbers (v„v„.. .v ) relative to the ion-
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TABLE I. Possible channels in Ui.

Im (cm i) ~

If (49 958 .1)b

Ii —(49 958.1) b

Ii ——(49 958.1)

Ii ——(49 958.1)"

I2 —-Ii+ 289.04

I2 ——Ii+ 289.04

I2 =Ii+ 289.04

I2 =Ii+ 289.04

I3 —-Ii+ 914.765

I3 ——Ii+ 914.765

I3 ——Ii+ 914.765

I3 =I«+ 914.765

~Reference 7.
b Reference 1.

c [aJ,]'

5f37s2[4I9 ]2

f3 7s2[4I 9 ]2

5f3 7s2[4I 9
]2

5f3 7s2 [4I9 ]

5f3 Gd7s[6I. ii ]'
2

5f' Gd7s['L.—"]
2

5j' Gd7s['L —'«]
2

5f 6d7s[ L—]'
2

5f' Gdvs['Z-']'
2

5f' Gd7s['Z']'Y

5f GdVs[ K ]'
Y

5f3 Gd7s[6K9 ]'
2

6«p-i
2

E'
«Py

3

E'«f 7
e«f-7

2

EQ—i
2

E2f&

f 7

E' 3PT
i

E' 3pp

f 5

e3f-7
2

5, 6, 7

5, 6, 7

5, 6

5, 6,7

5, 6,7

5, 6,7

5, 6,7

5, 6,7

ization limit (I I I), resp. ectively, is eval-
uated according to Eq. (la).'

E =I, +e; =I, -1/2v';, i =1, 2, . . .M (la)

or

I( —1/2v', . = I, —1/2v,'. , . i ej . (lb)

0.0
33

This set of v spans an M-dimensional space f
the M-limit ro

ce or
i problem. An M-limit problem ma be

b lottin
/ M(M-1) two-limit problems

y p 'ng various pairs of values (v v ' f
energy level E

v;, v&j or each
gy evel E„on a two-dimensional plot v vs

v, The procedure is equivalent to projecting the
hf-dimensional plot onto two-d'o- dimensional (v v )
planes. " Since el ." ' each term is a trigonometrical
function in the equation

( gy 2r . . vm&v&, U~+) —0 (2)

which determines all the discrete spectra' hc ra w ere

suffiei
are quantum-defect paramet

ieient to plot the modulus of . ' F
me ers, it is

o v;. Figure 1 is a
v, (mod 1) vs v lot with, p

' v„v, ) evaluated relative
to the 1st and 2nd i
1a f

onization limits aeeordin t Eg o q.

2.
or all the experimental dataa as shown in Fig.

n ig. represents theThe solid oblique line in Fi . 1
parabolic line v, (v, ) defined by E . lb

p o e on v, . The number marked on each

t
branch of the line indicates th

' te in cger number of
he effective quantum number v, n = v-

n - rawn dashed curves passing through the
data points in order of increasin vreasing v, or increasing
in energy represents the projection of E . 12q. on-

, & p ane. The prescription of MQDT' re-
quires that all the data p t l'

tions of these
a poin s lie on the intersec-

th th
hese curves connecting the d t

e oblique lines. The numb fum er o intersections
of the curves represented b E . 2y q. 2) with the
o ique line within one unit from t 1,
mines the minimum numb
with the plane (v v

number of channels associated
;, v, ). It xs expected that there

ought to be around 20 such intersections accordin

Note that in Fi . 1
points l '

g. , the maximum number. of d t
p s lying on one branch of the obli ue

~, a a

only 5 (e. . n =32
e o ique line is

.g. , n = and 35). Although some of the
transitions into channels l' t d

' ble
very weak the

is e in Table
ea, e absence of a large number of chan-

nels is botherin . Fi r'
g. igure 2 shows the experimen-

taliy measured spectrum ' N t
between two nei hbori

o e that the s acin
ig oring peaks is comparable with

T7
O
E

m= 89
88

3l
30

39

I!
I43 44 46 46

SERIES A

I I

49877. 1

I I ll

49885.3
I I I I

1.0
16.0

I

16.5 17.0
V2

17.5

/!A

18.0

LIJI-

tDx
I-z

I

SERIES 8
I I

49852.1

FIG. 1. uQ antum defect vi (mod 1) vs v l t
circles arre exper«. mental data from P' . 2.

v&po. Open

dashed curves (marked A or B) re res
sg. . Hand-drawn

j t'o ofE . 2q. ( ) onto the (vi, v&) plane. Solid obl
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on each branch of the line ind' t thi' &ca e e integer number
of the effective quantum numbenum er vi, n =vi —vi(mod 1).

E (cm ')~
FIG. 2. Experimental data from R f .e s. 1 and 6.
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full width at half maximum (FWHM) of each peak
which is about 1 - 2cm '. However, the estimated
spacing between levels belonging to the same con-
figuration with different J values but the same
large n value (na 30), n = v, —v, (mod 1), is less than
1 cm '." Namely, for a given configuration, the
effective quantum number v, „depends only weakly
on J, while the spacing between two consecutive
Rydberg levels for a given channel for m around 40
is a few cm '." It is therefore plausible to assert
that the observed ion peaks are unresolved groups
of levels with different total angular momenta J
and approximately the same effective quantum num-
ber v,„.

It is possible to draw two smooth curves (marked
A and 8)passing through the datapoints in Fig. l.
Since each data point represents approximately a
term energy with unresolved levels, and since,
furthermore, the evaluated effective quantum
numbers depend on the ionization potential used
(I, =49958.1 cm '), the detailed shape of the
curves cannot be taken seriously. Nonetheless, all
the data points that lie on one curve represent one
series of Rydberg terms. The quantum defect p,
= [ —v, (mod 1)] varies substantially along a series
(increasing order of energy) rather than being a
constant, indicating that strong configuration inter-
actions exist. Configuration interactions on a given
Rydberg series could arise either from mutual in-
teraction among different Rydberg channels or
from perturbation by interloping valence levels.
The latter interaction would result in a redistri-
bution of oscillator strength from interlopers into
Rydberg levels and therefore enhance the intensi-
ties of the higher Rydberg levels which are other-
wise inversely proportional to vs„. The experi-
mental setups of I ivermore did not permit a sen-
sible judgement on the cross sections of ion peaks.

However, the absence of Rydberg levels in the en-
ergy region above 45 000 cm ' in the recent photo-
absorption measurement in uranium" suggests that
these high-lying Rydberg levels are not disturbed
by the interloping valence levels and that their os-
cillator strengths follow a v, „3 scaling rule are thus
too weak to be detected.

In conclusion, MQDT has been applied to analysis
of the spectrum in uranium vapor near its ioniza-
tion limit. Rydberg series are expected to occur
3000 cm ' below the first ionization limit and
around 20 channels are anticipated and their as-
signments are outlined. The theory asserts that
the observed ion signals are series of Rydberg
terms rather than Rydberg levels. These Rydberg
terms consist of an unresolved group of levels with
different total angular momenta J (8= 5, 6, or I)
and approximately similar effective quantum num-
ber v, „. The graphic method regiments most of
the ion peaks into two series of Rydberg terms and
configuration interaction is apparent. Detailed
identification and assignment awaits improved data
in resolved energy levels. The latest results from
Livermore show that the formerly unresolved ion
peaks split now into 8 or more peaks after the
laser band width has been narrowed. Significantly,
there are no detectable ion signals between two
formerly unresolved peaks.

The extreme complexity of the spectrum near the
ionization limit in the uranium atom indeed pro-
vides a formidable challenge to the spectroscopist.
A multichannel, multilimit MQDT analysis may
prove to be a plausible method to disentangle the
problem. On the other hand, a new type of exper-
iment which selects energy levels according to
their set of good quantum numbers, in this
case parity and total angular momentum, is
needed.

*Work performed under the auspices of the Division of
Physical Research of the U. S. Energy Research and
Development Administration.
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