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Fine structures of the nd 'D and nf 'F sequences in singly ionized beryllium
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Fine structures in the nd 'D, n = 4,5 and nf 'F, n = 4,5,6 levels in Be n have been measured, using fast-beam,
level-crossing spectroscopy. The results, accurate to within 10, point to small deviations from a hydrogenic fine-

structure splitting due to correlation effects involving the ls' core for the nf 'F levels.

INTRODUCTION

The study of fine and hyperfine structures in
Rydberg states, in particular, in quasihydrogenic
atoms, has revealed many properties, among
others the inverted nd'D fine structure in the al-
kalilike atoms. This feature has been explained
theoretically' ' as stemming from a strong ex-
cha, nge-core polarization of the P core induced by
the Rydberg electron. Also, the nf'F excited
states show deviations from a pure hydrogenic
fine-structure splitting. This deviation is, in
turn, explained as an exchange core-polarization
effect, the deviation becoming larger for large n
and even yielding inverted fine-structure inter-
vals for the heavy alkalis. As pointed out by
Cooke et al. ,

' the Li I isoelectronic sequence of-
fers good possiblilites for testing the validity of
the core-polarization contributions. Thus the
deviations from hydrogenlike fine-structure (fs)
splittings in the LiI isoelectronic sequence must
be attributed to correlation effects involving s-
type excitations in the core.

Such effects give very strong contributions to
the hyperfine structure hfs of the 2p 'P level in
the LiI isoelectronic sequence. 4

~ ' In LiI, the
hfs of the 2P 'P», level is inverted, whereas in
Be II, the hfs is close to zero with the polariza-
tion and correlation effects giving contributions
which nearly cancel the one-electron direct con-
tribution. In Li I, the situation looks more nor-
mal concerning the fs of the (Is)snl configura-
tions. The n = 3, 4 'D levels have been studied,
using the level-crossing (LC) technique, "
whereas the n =7-10'D, 'E, and C fs intervals
were measured, ' using a microwave resonance
technique. Within the quoted uncertainties, these .

authors do not find any deviations from a hydro-
genic fs splitting, although the experimental re-
sults are all slightly lower than the hydrogenic
splitting s.

In order to further test the possibility of dev-
iations from hydrogenlike behavior in such a
simple alkalilike system, we have performed LC
measurements in the beryllium ion (Be II). The

fast-beam level-crossing technique, which pro-
vides a convenient tool for studying ionic systems,
was applied. The LC technique is Doppler-free,
with a resolution only limited by the natural
width of the level studied. In the present work,
the fs splittings are determined to within 10 '. By
comparing the experimental splittings with the
calculated hydrogenic intervals, this precision
allows the establishment of a nonhydrogenic be-
havior for the 4fsF level, whereas the nd'D
levels are found to be almost purely hydrogenic.

These fine structures have previously been
studied by conventional spectroscopy' and by
zero-field quantum beats, ' the precision being
3 xlo . The 5f'F level has previously been
studied with a technique similar to the one used
in this work. "

EXPERIMENTAL

The experimental apparatus has been described
previously" and only the small changes will be
discussed. The 80-kV isotope separator at the
University of Aarhus was used to produce a beam
of Be ions, which were excited in a helium-filled
gas cell, placed inside the pole gap of an electro-
magnet. The ion beam, the magnetic field, and
the observation direction were at right angles to
one another.

The magnetic field was swept by a current sup-
ply which was stabilized on a linearized Hall
probe. The magnetic field was calibrated using
a rotating-coil gaussmeter, which, in turn, was
calibrated against NMR. Taking into account the
inhomogeneities of the field in the pole gap, the
magnetic field is determined to within 0.5 gauss
in the interaction region. The motional Lorentz
force, perpendicular to the fast beam as well as
to the magnetic field, was eliminated by applying
a high voltage to a set of deflection plates. Both
the high-voltage amplifier and the Hall-stabilized
current supply were computer interfaced.

The scattered light was polarization-analyzed
and dispersed in a fast (f 3.5) spectrometer
(slits parallel to the ion beam) equipped with a
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Peltier- cooled EMI 6256S photomultiplier. The
data were then stored for subsequent analysis.

RESULTS

The main limitations of the fast-beam LC
method are the requirements of sufficient popu-
lation as well as of anisotropic-excitation cross
sections. The nd 'D, n = 4, 5, and nf 'F, n = 4, 5, 5,
have previously been studied, "and the above two
criteria were known to be fulfilled. At 50 keV of
incident beam energy, anisotropies of the order
of 15% are found for all of the levels studied. To
ensure internal consistency, at least two LC's
were recorded for each level. In Fig. 1 is shown
a typical result. The resonance positions were
found by a least-squares adjustment of a single

Lorentzian. Before we evaluate the fs splittings
by means of the Breit-Rabi formula, we shall
consider the systematic errors. Among the most
serious systematic-error sources are the Stark
shifts in the residual motional field. Also, the
nonzero hyperfine interaction as well as the qua-
dratic Zeeman effect will be considered.

A. Stark shift

The effect of this motional electric field, if not
properly compensated for, is not only a shift of
the energy levels, and thus of the level crossings,
but also a coupling of the two crossing levels,
converting a level crossing into an anticrossing.
Calculating the shift within a single LS multiplet,
we get

(c2gf JM ~~, ~

u$L 4'M')= Q (H,)s(-1) "+ 'e'~'[(2k+1)(2J+1)(2J'+1)]' '
0=0, 22q J' I' 2 (-M q Mj

withX, = -er '8 being the perturbation in the elec-
tric field 8. As only the quadrupolar part gives
rise to a relative shift of the various levels, only
(H, )20 need be evaluated if we choose S= (0, 0, 8),
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Here is the one-electron integral

rA 1 A 'l-1dx, 3

which can be computed using hydrogenlike wave
functions. This procedure is justified based on

I

the regularity of the energy levels and quantum
defects in the nd and nf series in Be II.'

In Eg. (1), the summation, which extends over
all opposite parity levels Pl ', is limited to one
n manifold because of the quasihydrogenic nature
of the atom.

However, the experimental conditions corre-
spond to the electric field 8 being perpendicular
to both the ion beam v= (0, v, 0) and the magnetic
field H= (0, 0, H). Thus a rotation of v/2 around
the y axis will bring the electric field down onto
the x axis, thus representing the experimental
reality. (H, )20 will then be transformed into an

(H,')', and an (H,')'„part, the former giving rise to
a shift of the crossing energy levels, whereas the
(H,')'„part converts the LC between a pair of mag-
netic sublevels, with ~=+2, into an anticrossing.
In this work we have eliminated this motional elec-
tric field to be less than 50 V/cm in order to re-
duce the uncertainty related to the calculation of
the radial integrals S. The crossing positions are
thus changed less than 0.01 gauss for the first-
level crossing (7/2, —7/2) —(5/2, —2/2) in the

4f 'F level, in a field of 1 kV/cm. For all levels
studied, the resonances were found to be pure
Lorentzians, which is clear evidence of the effec-
tive elimination of the Stark shifts.

2005
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FIG. 1. T11e first-level t-'rossing (~, -g) -(g, -g) in
4d2D in GBeu. The FWHM of (35+3) gauss yields a
4d lifetime of (2.8 +0.3) ns, in agreement with previous
work ef. 10).

Beryllium has a nuclear spin of &. The hyper-
fine structure can be calculated using hydrogenic
wave functions. For all levels studied, the result
is' a hyperfine splitting of less than 5% of the nat-
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ural linewidth. Thus the nuclear and electronic
spins are effectively uncoupled. Hence, each
crossing consists of four unresolved Lorentzians
with a center of gravity close to the single-cross-
ing position for the case of a vanishing hyperfine
structure. The FWHM of these resonances is
equal, thus justifying our analysis using only one
Lore ntzian.

C. Quadratic Zeeman effect

& W(hy)

4d'D
5d 2D

4f 2Q

5f 2Q

6f 2+

7293 + 4
3730 + 10
3668 + 5
1870 + 5
1077+ 5

7299
3737
3649
1868
1081

TABLE l. Measured and calculated hydrogenic 6 W(hy)
fine-structure intervals in Be iI (MHz).

The quadratic Zeeman effect, proportional to
the square of the vector potential„" introduces a
shift of the crossing energy levels. Using hydro-
genlike wave functions to calculate the average
Q'), these shifts are, in a magnetic field II,
given by

e'8' n'[5n + 1 -3l (l+ 1)I m '+J'+J
8mc' 2Z' 2J(4+1) (4)

for a level tns/Jm~) with an effective nuclear
charge Z,«. These energy shifts result in shifts
of the crossing positions smaller than 0.02 gauss
for all the levels studied.

The fs intervals are now evaluated by diagonal-
izing the Hamiltonian

K = P ~(g,l z+g,Sz)+ 6W,

where p. ~ is the Bohr magneton andg, andg, are
the g factors for the orbital and the spin motions.
We have used g, =l and g, =2.0023. &8'is the fine-
structure splitting. Prior to diagonalizing 3'., the
experimentally found level crossings are corrected
for the systematic errors discussed. The final
results are shown in Table I. The uncertainties
include systematic as well as statistical errors.
Also shown in Table I are the hydrogenic fine-
structure splittings calculated by means of

(6)

where n is the main quantum number and Z,« = 2
is the effective nuclear charge for Be+. Using the
effective quantum numbers rc+ instead of the in-
teger main quantum numbers' does not change the
calculated fine structures for the nf levels as they
show quantum defects less than 0.0003, whereas
for the 4, 5d'D levels, quantum defects of 0.0021
and 0.0022 change the calculated fine structures
11 and 5 MHz, respectively, toward larger split-
tings.

The 3d'D level, which decays at 1512 A, was
not mea, sured because an electric field of 6 kV/cm
was needed to compensate for the Lorentz field.

This high electric field made it difficult to trans-
port the beryllium-'on beam into the interaction
volume due to strong fringing fields at the entrance
to the pole gap.

The previous LC measurements" of the 5f'E
level deviate 3% from this more precise measure-
ment, the reason being the much improved mag-
netic-field monitoring equipment as well as com-
pensation of the motional electric field.

DISCUSSION

The gross features of the spectra in the lithium-
isoelectronic sequence are hydrogenlike with small
quantum defects, in particular, for the high angu-
lar momentum states. The fine structures of the
low-lying levels were known from classical spec-
troscopy' to be normal and close to hydrogenic
fine structures. Previous works' "found the fine
structures in the d, f, and g levels in neutral lithium
to be hydrogenic to within 0.5%.

From Table I it is seen that the deviations found
in this work for the beryllium ion are hydrogenic
to within 10 ' for the nd'D, n =4, 5 levels. Using
the effective quantum numbers, this deviation is
increased to 2 && 10 '. Also for the nf 'E, n = 4, 5, 6
levels, only small deviations are found. However,
with the precision obtained in the present study,
deviations occur. For the 4f'E level, we find an
fs splitting larger than the hydrogenic splitting,
whereas slightly smaller values are found for the
5, 6f'E intervals. With the P electrons in the core
eliminated, this deviation must be due to corre-
lation effects. Such effects are expected to give
only small contributions, and the deviations found
in this work amount to only 0.4% at most. Thus
the present study confirms the explanation that
the nature of the inversion of the fine structure
in the alkali atoms with P cores is due to exchange-
core polarization, at the same time pointing out
that small deviations from a hydrogenic fs are due
to correlation effects involving the (1s2) core.
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