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is greater than for protons. We do not understand
the origin of these effects, but if they are veri-
fied by further experiments, their implications
are rather important. In particular, vs(E) needs
to be measured and understood theoretically for
heavier proj ectiles.
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The nuclear spins of the very neutron-deficient ~ ~ 5
Hg isomers were measured on

line at the mass separator ISOLIDE at CERN using pulsed-laser excitation and observa-
tion of the time-resolved quantum beats from selected hyperfine-structure states. The
spins of these isomers are with I=~& equal to those of the long-lived isomers ~~~ ~ ~ Hg
already known. The persistence of this spin value for eight isomers is explained by the
model of rotation-aligned coupling.

This Letter reports the application of quantum-
beat spectroscopy to the determination of the
nuclear spins of the neutron-deficient isomers

Hg The experiment was per
formed with mass-separated mercury isomers
produced at the ISOLDE II isotope separator
which is on line with the CERN 600-MeV proton
synchrocyclotron. ' In previous work' the hyper-
fine structure (hfs) and the isomer shift in the
6s"S,-6s 6p 'I'„)).= 2537-A line were studied by
Doppler-limited fluorescence spectroscopy. A

huge isomer shift was found at A=185 which is
due to the coexistence of slightly deformed ob-
late and strongly deformed prolate nuclear shapes.
In the present experiment, quantum beats were
observed from hfs Zeeman levels of single hfs
states which allowed the determination of the nu-
clear spins. This independent measurement
ideally complements the previous laser fluores-
cence results, which could only determine the
first three of the four hfs structure parameters,
namely, the magnetic dipole coupling constant A,
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the electric quadrupole coupling constant&, and
the center of gravity of the hfs multiplet S';, but
not the nuclear spin I. In addition, the observed
beat frequencies readily identify a particular hfs
level in a complex spectrum where lines from
different isomers and isotopes may overlap.

Quantum beats are observed by tuning the laser
to resonance with the hfs level of interest and
then monitoring the time evolution of the super-
position of coherent atomic states produced by
a short broad-band laser pulse. Such beats have
been studied in the spontaneous decay of a variety
of excited states, ' however, only a few experi-
ments yielded new spectroscopic data. In this
Letter we report the first application of the quan-
tum-beat method to the spectroscopy of short-
lived isotopes far from P stability. The preci-
sion is limited only by the natural lifetime of the
excited atomic state and makes the Doppler-free
observation of the hfs of radioactive elements
possible.

The isotopes of interest are excited by a short
resonant-laser pulse in a weak external magnetic
field. In such a case a coherent superposition
of excited hfs Zeeman levels belonging to a sin-
gle hfs level is produced. The time evolution of
this atomic coherence leads to the quantum beats
superimposed on the fluorescent decay at the
various Bohr frequencies determined by the en-
ergy difference of the excited hfs Zeeman states
according to v = (E„1-E„)/k. Without integration
over time, Breit's theory4 of resonance fluo-
rescence describes the pulse excitation and yields
in the limit of short pulses for the instantaneous
rate S of photons emitted:

fI f I g~
pp'mm'

x exp[- t(E, , E„)t/tI, —(I'„-,+ I"„)t/2], (1)

where the f 's and g's are the excitation and fluo-
rescence matrix elements for electric dipole ra-
diation bebveen the ground states rn and excited
states p, and I' is the decay constant I" =1/~
with v being the natural lifetime of the excited
state. For the transition studied, the lifetime
of the excited Gs6p 'I', state is' ~= 115(2) nsec
and much longer than the laser pulse, so that
the application of the simple Eq. (1) is justified.

When the laser light is polarized perpendicular
to the external magnetic field IJ, the simultaneous
0' and a excitation leads to 4m = 2 beats. Their
frequency v is then given by v = 2 y'H, where the
gyromagnetic ratio y' is defined by y'=g~p, B/h
and g~ is approximately given by gJ; =g&([F(F+1)

—&(&+1)-I (I+ 1)]/2F(F+ 1)). Equation (1) takes
then the simple form

S(t)~ exp(- t/r)[1-8cos(2mvt)], (2)

where 8 is the modulation amplitude determined
by the dipole matrix elements.

The isomers studied are produced by spallation
in a molten lead target. ' The 70-keV ions from
the mass separator ISOLDE II are collected on a
molybdenum foil for about two half-lives, then
evaporated as thermal atoms into a quartz cell
and excited by a pulsed frequency-doubled dye
laser system (Fig. 1). The ultraviolet output is
2.5 kW in a 3-nsec long pulse with a spectral
width of about 1 0Hz. The experiment is carried
out in two steps. First, the location of the var-
ious hfs levels for a particular mass number is
found by scanning the laser over the absorption
line of the unstable isotope. The laser frequency
is calibrated by observing simultaneously the
Zeeman-shifted resonance light from a sample of
stable even isotopes in a reference cell (Fig. 2).
In the second step, the laser is set on resonance
with the hfs level of interest and the beat signal
is observed. Most measurements were carried
out on the F =I hfs state of the various isomers,
where the maximum signal is expected. In cases
of low atom densities in the resonance cell, pho-
ton counting is employed and the counts are buf-
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FIG. 2. Fluorescent light from the excited hfs levels
of the nuclear ground and the isomeric states in the A,

= 25&7 A line of 8 Hg (upper part) of the 0.+ Zeeman
components of the even stable mercury isotopes in a
magnetic field of Hz=20. 858 kG (lower part) vs laser
frequency.

fered in a fast data register. In the case of more
abundant isotopes the current of the photomulti-
plier is fed into a 10-bit analog-to-digital con-
verter (ADC) which is gated by a gate generator
programmed with a variable time delay. The
fast data register or the ADC is read by a com-
puter using CAMAC instrumentation. The data
are normalized to constant light intensity with
the photomultiplier signal of the reference cell.

Vfith a laser repetition rate of 50 Hz, reason-
able statistics are obtained within a time rang-
ing from a few minutes up to about 30 min. How-
ever, in the case of short-lived isotopes the ob-

1858tainable vapor densities are low, e.g. , for Hg
(T, = 27 sec) the density is only about 10' atoms/1/2
cm'. As a consequence, the fluorescent light is
small compared to the direct laser light pulse
scattered off the walls of the resonance cell and
hence the photomultiplier running at high gain is
disturbed by this pulse. In order to reduce the

overloading and subsequent afterpulsing, the
photomultiplier is turned off during the laser
pulse by a 100-V blanking pulse applied to the
focusing electrode. Still, the beat pattern is
heavily disturbed during the first 80 nsec after
laser excitation. Figure 3 shows as an example
a measurement of the E =I hfs state of '" Hg
where the solid line represents a fit by Eq. (2)
omitting the first twelve data points. The fit
yields a beat frequency of v= 8.3(3) MHz leading
to a gyromagnetic ratio of y' = 45.8(1.0) kHz/G.
Although this value does not, even within the er-
ror bars, exactly coincide with the theoretical
value of y'(F =I —~)= 43 kHz/G, this value un-
ambiguously determines the isomeric spin to be
I= ' . For comparison, the gyromagnetic ratiosF'

11for the neighboring spin quantum numbers I= ~
and I=+ are y'=58 kHz/G and y'=33 kHz/G. The
above deviation is explained by a modulation of
the anode current due to the direct laser pulse
and the blanking pulse. A test without radioactive
atoms yields a frequency of this modulation of
21(3) MHz. The relative signal height B,„&=0.38
is only 77% of the theoretical value of &,z„,= 0.49
and is due to the finite solid angle detected by the
photomultiplier, the smoothing of the beat pat-
tern by the gate width of 20 nsec, and a small 7T-

polarization component in the o' excitation pulse.
A fast-Fourier analysis with the Cooley- Tuckey

al orithm was also performed to obtain an indica-gol 1

tion of the presence of other frequency compo-
nents. The result for '" Hg is shown in the inset
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TABLE I. Experimental data for the neutron-defi-
cient Hg isomers.

191m
189m
187m
185m

50.8 min
8.7 min
1.6 min

27. s

13/2
18/2
13/2
18/2

of Fig. 3 and displays besides the contribution at
v=0 MHz mainly one additional frequency at
about v = 8 MHz. This corr esponds to y' = 43.5
kHz/G and again yields for a measurement in a
E =I hfs term a nuclear spin of I=~3. The small
peak around v = 23 MHz agrees with the contribu-
tion from the blanking pulse on the detection
electronics.

Very similar quantum beats were observed for
the other isomers '" '" Hg leading to I=~
in all cases. The results of the present experi-
ment are listed in Table I. The same spin values
were found earlier for the long-lived isomers'" Hg so that anI=~ state was observed
for eight isotopes over a chain of 14 mass num-
bers. The single-particle model offers a simple
explanation for the persistence of this spin val-
ue: In the mass region of interest the relevant
neutron orbits 3p,~„2f,~„3p,~„and li»~, are
within a few 100 keV of each other. In general,
the pairing energies are larger than these en-
ergy differences and determine the actual neu-
tron configuration. It is, therefore, expected
that neutron pairs fill the high-spin states first,
while unpaired neutrons are expected in the low-
angular-momentum levels. This reasoning is
supported by the measured values of the spins of
the nuclear ground states for the mercury iso-
topes between 187-A ~ 205 (I= 2, 23, and I= 2).
Hence it can be concluded that, (1) the isomers
differ essentially by an i»~, neutron pair and (2)
in this mass region the successive filling of the
5 j 3/2 shell with these pairs is observed. How-
ever, the measured spectroscopic quadrupole
moments of the isomers (0.5 b &Q, ~1.5 b)'as
well as the B(E2) values of the neighboring even
isotopes (0.11- I P I

& 0.15)' ' point to collective
effects. Using the Nilsson model, a contradic-
tory prediction for the nuclear spin is obtained.
For the heavy isomers the [606,~] level reaches
the Fermi surface for P &0. Reorientation mea-
surements in this mass region show, however,
an oblate deformation. " According to the Nils-

son diagram, the [606, —",] level is below the
Fermi surface, while the same level with a (0
= 2) projection of the nuclear angular momentum
on the symmetry axis of the nucleus [660,2]
reaches the Fermi surface. For strong coupling
of the unpaired neutron to the oblate core I=0
is expected which contradicts the measured I=~.
However, the I=~ isomers are neither spheri-
cal nor strongly deformed but represent typical
transition nuclei. In the case of a nucleon with
large angular momentum j the Coriolis force
may overcome the coupling of the valence particle
to the core and j aligns itself parallel to the ro-
tation axis R of the nucleus. In the rotation-
aligned coupling scheme" the projection o. on
the angular momentum with respect to R be-
comes sharp and ~=j = ~ is expected irrespec-
tively of the filling of the i„~, subshell. This in-
terpretation of the persistence of the isomeric
spin I=~ is supported by the observation of de-
coupled bands, " the sign of the spectroscopic
quadrupole moment, ' and the trend of the odd-
even staggering parameter. "

Finally, a comparison of the quantum-beat
method used in this experiment with other meth-
ods is made. The main advantages of the quan-
tum-beat method are the short time needed for
a measurement which is in the order of the life-
time of the excited state and the simplicity of
the apparatus. In comparison, a double-reso-
nance experiment needs rather strong rf mag-
netic fields to saturate the signal in a high-spin
excited hfs level. The Hanle effect requires a
careful analysis of the effects which influence the
linewidth, such as collisions in the excited state,
coherence narrowing, distortion by the scattered
laser pulse, imperfect compensation of Earth' s
magnetic field, and not optimally adjusted geom-
etry. Only the phase, B and 7 of Eq. (2), changes
in a quantum-beat experiment in these cases but
the beat frequency is not influenced.
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A previously presented narrow-bandwidth theory is used to interpret recent data on
the four-photon ionization of Cs near the 6I" resonance. The theory is based on treating
the amplitude of the radiation field as a constant relative to its rapid phase oscillations.
The ionization rate adiabatically follows a pulsed amplitude leading to maximum ion-
ization for times at which the pulse develops sufficient intensity to shift the 6S 6I
transition into resonance.

In a previous paper' (I) a formalism was pre-
sented based on treating the amplitude of the
classical radiation field b(t), which is slowly
varying in the time, as a constant relative to the
oscillatory part of the field, which is rapidly
varying in the time. Using this adiabatic approxi-
mation, the Fourier integral of the field A(t)
is proportional to a 5 function in frequency space,

a((u) = (2~) ' J „dte' 'A(t) = b(t) b(( —(up), (1)

where a~ is the constant photon frequency and
only the absorptive component of the field is con-
sidered. Thus the field depends on b(t) paramet
apically. This form illustrates the single-mode
character expected for a very-narrow-bandwidth
field such as that of the recent experiment by
Morellec and co-workers' (II), where the band-
width is about 2x10 ' cm-'.

In the experiment of II the flux E depends on
the time. This time dependence is described by
multiplying I" by a dimensionless Gaussian shape
function G(t), with a 37 ns width at half maximum,
which generates a maximum I' corresponding to
an intensity of 10' W cm ' at the center of the
pulse t,. It is the purpose of the present paper to
evaluate the slowly varying field amplitude b(t),

proportional to [G(t)E]' ', as adiabatically follow-
ing the rapidly varying oscillatory part whose use
in the dynamical problem has led to a rate. That
is, we replace b(t) in Eq. (1) by [2m G(t)E/u&usP 'e.
This quantity occurs as a parameter in the time-
independent rate. The success of the present
adiabatic-following approximation in describing
the time dependence of the ionization yield data
of II will be demonstrated below and illustrates
how a time-independent rate theory" ' can be
used to describe temporal phenomena in laser-
induced ionization.

The flux also depends on the focal volume (Figs.
3 and 11 of II). This dependence is given by multi-
plying the maximum flux (corresponding to an in-
tensity of 10' W cm ') developed at t, by a dimen-
sionless shape function Es(x, y, z), where this
function is normalized to 1 at the center of the
focal volume, or Es(0, 0, 0) = 1 (Appendix of II).
In this paper we multiply G(t)E above by Es(0, 0,
z), where G(t) and Es(0, 0, z) are constructed
from the information given in II I»gs. 11(a), 11(b),
and 14]. Our rate" '

P,,(z, t) for the four-photon
ionization of Cs near the 6I resonance, for a
given time t in the development of the pulse along
a path z through the center of the focal volume,
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