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Extreme-ultraviolet fluorescence from core-excited levels of
neutral rubidium
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Strong extreme-ultraviolet fluorescence originating from core-excited autoionizing levels of neutral Rb is observed.
Radiative branching ratios approaching unity are inferred from the radiative yields. Long autoionizing lifetimes
and fast radiative rates make these levels promising candidates for extreme-ultraviolet laser systems.

In general, core-excited levels that lie above a continu-
um can decay by autoionization. Although there are
exceptions in light elements for which a contradiction
between orbital angular momentum and parity con-
servation may prohibit autoionization, in heavier ele-
ments the spin-orbit interaction leads to the break-
down of these selection rules. For these elements,
excitation of electrons from the outermost closed shell
results in levels that generally autoionize at least 100
times faster than they radiate. Because of their small
radiative branching ratios, extreme-ultraviolet (XUV)
fluorescence is seldom observed from such levels.

We recently reported the development of a tunable-
laser-based technique that permits the measurement
of long autoionizing times.1' 2 In the course of study-
ing neutral Rb we measured lifetimes of 310 and >500
psec, respectively, for the 4p55s6s 2P1/ 2 and 4 P3/2 levels.
Using the RCN/RCG atomic physics code,3 we calcu-
lated radiative lifetimes of 8.3 X 10-10 and 2.9 X 10-9
sec for the XUV transitions at 75.7 and 76.2 nm
(4p55s6s - 4p66s), respectively, which originate from
these levels. It was thus expected that we should be
able to observe fluorescence on these transitions. The
measurement of this fluorescence, together with an
estimate of radiative branching ratios, is reported
here.

The laser-induced fluorescence technique that we
use is based on the properties of the Rb 4p55s5p 4S3/ 2
core-excited level. This level, termed quasi-metasta-
ble,4' 5 serves both as a reservoir of population and as
an energy reference level.6 Because of its 2.3% admix-
ture with 4p55s5p 2 p, it radiates on the 82.4-nm
4p5 5s5p 4S3/ 2 - 4p6 5p 2P 3 /2 transition and also per-
mits laser coupling to odd-parity core-excited doublet
and quartet levels.

The quasi-metastable level is excited by charge
transfer from Rb+ 4p55s 3P1 ions,7 which are in turn
produced by laser-generated x rays. As is shown in
Fig. 1, a tunable dye laser is used to transfer quasi-
metastable atoms to other, potentially radiating, lev-
els in the core-excited manifold. As the laser is tuned
through a transition, the quasi-metastable population
is transferred to the radiating target level, resulting in
a depletion of 82.4-nm fluorescence and the appear-

ance of laser-induced fluorescence at a wavelength X
from the target level. The amount of laser-induced
fluorescence is the intensity of the X radiation with the
laser tuned on line center, 1 xn), minus the intensity
with the laser tuned far off line center, I,(ff). Similar-
ly, the amount of laser-depleted fluorescence is the
intensity at 82.4 nm with the laser tuned on line cen-
ter, I82, minus the intensity with the laser tuned off
line center, T( ff) The measured quantity in this ex-
periment is the ratio of the laser-induced fluorescence
to laser-depleted fluorescence:

I= (.n) - j(off)
18(off) - I(24) (1)

Ri is the relative fluorescent yield of the ith level and is
used to infer the radiative branching ratio of the level,
as described below. The uncertainty in the measure-
ment of Ri is d25%, and it is mainly due to the back-
ground noise of the signals.

The experimental apparatus is shown in Fig. 2.
Soft x rays are produced by 150-mJ, 7-nsec pulses of
1.06-,um radiation focused through the Rb vapor onto
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Fig. 1. Partial energy-level diagram of Rb showing the la-
ser-induced fluorescence technique.
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radiative decay rate of the quasi-metastable level.
This relation is obtained by integration of the rate
equations for the populations in the two levels and also
assumes that the time gate opens after the excitation
of the quasi-metastable level has ceased.7

Since the radiative rate of the quasi-metastable lev-
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Fig. 2. Schematic of the experimental apparatus.

a Ta target. The dye laser has a pulse width of 5 nsec
and is incident upon the Rb vapor 20 nsec after the
beginning of the 1.06-,gm pulse. The detector time
gate used to sample the XUV fluorescence has a width
of 15 nsec and is opened at the time of arrival of the
dye-laser pulse. It is important that the width of this
time gate be small compared with the measured decay
time (>40 nsec) of the quasi-metastable level.

Figure 3 shows the results of the laser-induced fluo-
rescence technique applied to the core-excited transi-
tion at 553.4 nm. This wavelength is identified in Ref.
1 as belonging to the 4p5 5s5p 4S 3 /2 - 4p55s6s 2P1/2
transition. The upper level, 4p5 5s6s 2P1/2, lies 152 315
cm- 1 above the ground level. Figure 3(a) shows the
82.4-nm fluorescence intensity as a function of dye-
laser wavelength as the laser is tuned through this
transition. At line center of the transition, an 80%
depletion of the 82.4-nm fluorescence from the
4p5 5s5p 4S 3 /2 quasi-metastable level is observed. The
laser energy is well above the saturation energy of the
transition; failure of the depleted signal level to reach
the baseline is due mainly to imperfect overlap of the
depleted and viewed volumes. In Fig. 3(b) the spec-
trometer is tuned to 75.7 nm and the signal level re-
corded as a function of dye-laser wavelength. At line
center of the transfer transition, laser-induced fluores-
cence is observed. The wavelength of the induced
fluorescence, 75.7 nm, corresponds to 132 100 cm-'
and identifies the lower level as 4p66S 2S1 /2. The XUV
transition at 75.7 nm is therefore identified as 4p55s6s
2P1/2 - 4p 6 6S 2S 1 /2 . The relative fluorescence yield of
the level is Ri = 0.54.

The relative fluorescent yield of the ith level can be
used to infer its radiative branching ratio, (BR)i. If
fluorescence is collected during a time gate of length T,
where T is long compared with the lifetime of level i
and short compared with the lifetime of the quasi-
metastable level, then

(BR)i = A= AqmTRi,
Ti

(2)

where ri is the total decay rate of level i and Aqm is the
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Fig. 3. Experimental scans showing (a) the depletion of
82.4-nm fluorescence by the dye-laser transfer at 553.4 nm
and (b) laser-induced fluorescence at 75.7 nm.
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Table 1. Summary of Experimental and Calculated Results
XUV Transition Wavelength

75.7 nm 76.2 nm 77.2 nm 82.4 nm
Upper Level 4p 5 5s6s 2P1/2 4p 5 5s6s 4P3 /2 4p 5 4d( 3 D)5s 2 D3 /2 4p 5 5s5p 4S 3 /2Lower Level 4p 6 6S 2S1 /2 4p 6 6S 2S1/2 4p64d 2 D5 /2 4p 6 5p 2P3/2

r, (sec-') (measured)a 3.2 X 109 3.8 X 108 5.0 X 1010
RA (measured)b 0.54 1.90 0.04
Radiative branching ratio 0.21 0.74 0.02
ri (sec-') (calculated) 2.2 X 109 5.3 X 1010 5.9 X 10"°
Ai (sec') (calculated) 1.2 X 109 3.4 X 108 4.1 X 108 2.6 X 107
Ai/ri (calculated) 0.55 0.006 0.007
a, (cm2 ) 3.6 X 10-13 1.1 X 10-13 1.3 X 103 9.6 x i0-'5

a Ref. 2.
b Uncertainty is ±25%.

el, Aqm, has not, to date, been measured, we proceed by
using a calculated value. The calculation is per-
formed by the RCN/RCG code,3 which computes the
positions and transition strengths of the levels of the
following configurations: 4p65s, 4p66s, 4p6 4d,
4p55s5p; 4p65p, 4p 5 5s 2 , 4p55s6s, 4p54d5s, 4p54d2,
4p5 5p2 . A scale factor of 0.77 is used for all radial
integrals. This calculation gives Aqm = 2.6 X 107
sec-1. For a gate width of T = 15 nsec we obtain BRi =
0.39Ri. For the 75.7-nm transition this gives a radia-
tive branching ratio of 0.21.

XUV fluorescence was found to originate from three
of the fifteen levels that were identified previously.1 ,2
Table 1 summarizes the measurements and also com-
pares branching ratios obtained from the measured Ri
values with branching ratios calculated by using the
RCN/RCG code. In all cases the transition wave-
lengths are consistent with the identifications and life-
times of Refs. 1 and 2.

The large branching ratio of the 4p5 4d(3D)5s 2D3 /2
level can be attributed to the LS selection rule prohib-
iting autoionization for a level of even orbital angular
momentum and odd parity. The long autoionizing
times for the 4p55s6s levels must be attributed to a
cancellation in the radial integral. We note that Silf-
vast et al.8 have noted a similar cancellation for
autoionization of the Cd+ 4d95s6s 2D5/2 level and mea-
sured a decay time of 450 psec.

Because these transitions terminate on excited lev-
els of the valence manifold and because the oscillator
strengths between the quasi-metastable level and

their upper levels are quite large, these transitions
provide near-prototype systems for store-and-transfer
lasers.9 The calculated gain cross sections of these
transitions are included as the last row of Table 1.

The research described here was supported by the
U.S. Air Force Office of Scientific Research and the
U.S. Army Research Office. The authors gratefully
acknowledge helpful discussions with J. F. Young.

References
1. J. K. Spong, J. D. Kmetec, S. C. Wallace, J. F. Young, and

S. E. Harris, Phys. Rev. Lett. 58, 2631 (1987).
2. J. K. Spong, A. Imamoglu, R. Buffa, and S. E. Harris,

"Laser depletion spectroscopy of core-excited levels of
neutral rubidium," submitted to Phys. Rev. A.

3. R. D. Cowan, The Theory of Atomic Structure and Spec-
tra (U. California Press, Berkeley, Calif., 1981), Secs. 8-1,
16-1, and 18-7.

4. S. E. Harris, D. J. Walker, R. G. Caro, A. J. Mendelsohn,
and R. D. Cowan, Opt. Lett. 9, 168 (1984).

5. A. J. Mendelsohn, C. P. J. Barty, M. H. Sher, J. F. Young,
and S. E. Harris, Phys. Rev. A 35, 2095 (1987).

6. J. Reader, Phys. Rev. A 36, 415 (1987).
7. J. K. Spong, Ph.D. dissertation (Stanford University,

Stanford, Calif., 1988).
8. W. T. Silfvast, 0. R. Wood II, J. J. Macklin, and D. Y. Al-

Salameh, in Laser Spectroscopy VII, T. W. Hansch and
Y. R. Shen, eds. (Springer-Verlag, Berlin, 1985), Vol. 49,
pp. 171-173.

9. S. E. Harris and J. F. Young, J. Opt. Soc. Am. B 4, 547
(1987).


