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Anticrossing signals have been observed in resonance fluorescence in which the two
repelling levels are both excited from the same level in the ground state. The two anti-
crossed levels both decay to the same ground-state level as well. This extension of the
anticrossing technique is successfully applied in a state of the hfs of the ytterbium atom.

The technique of level-crossing spectrosco-
py requires coherence in both the excitation
and detection channels. Coherence in this sense
means that the two crossing levels must both
be excited from the same one or more levels,
and must both decay to the same one cr more
levels. By contrast, the techniques of optical
double resonance and of anticrossing® spectros-
copy achieve their greatest utility when only
one of the excited levels is populated, or when
the decay of only one of the excited levels is
observed. We report here the first observa-
tion of coherent anticrossing signals. In this
case, the repulsion of two Zeeman levels is
observed with either coherent excitation, or
coherent fluorescence, or both. The anticross-
ing signal was identified by its position, inten-
sity, linewidth, and lineshape, and most im-
portant, by its dependence on the polarization
of the incident and scattered light. Coherent
anticrossings may prove useful in obtaining
information not easily provided by level cross-
ings or by pure anticrossings.

The following sequence of experiments was
performed in the 6s 'P, level of the ytterbium
atom. Resonance radiation, corresponding
to the transition (6s)?!S,~ 6s6p ‘P, at 3987 A,
from a hollow-cathode lamp of natural Yb,

was incident on a dense atomic beam of natu=
ral Yb. Light scattered at 90° to both the in-
cident light beam and the magnetic field passed
through a narrow-band interference filter peaked
at 4000 A and into a photomultiplier. As the
magnetic field was increased, weak level-cross-
ing signals were observed in the vicinity of

40 G and a single strong signal appeared at
approximately 147 G. Natural Yb contains 14%
Yb'™ (I=13) and 16% Yb'™ (I=2). The strong
signal vanished when a sample enriched to

85% in Yb'™ and containing only 0.7% of Yb'"™*
was substituted to scatter the resonance radi-
ation. This identified the strong signal as be-
longing to Yb'™. In addition, the trace shown

in Fig. 1 was obtained. Besides the Hanle ef-
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FIG. 1. Level-crossing signals obtained with an en-
riched sample of Yb!"3. The incident (or detected) light
was linearly polarized at an angle of 55° to the magnet-
ic field direction.
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fect or zero-field level crossing, one easily
observes a second strong crossing at approx-
imately +35 G and, with somewhat greater dif-
ficulty, a third crossing at approximately +30

G. Fig. 1 was obtained with the incident (or
detected) light linearly polarized at an angle

of 55° with respect to the direction of the mag-
netic field for reasons to be explained below.

The detected (or incident) light was unpolarized.
It differs from a similar sweep obtained with
unpolarized light in both channels only in that

the third level crossing is rendered even less
distinct with polarized light. The hfs constants
of Yb'™ can now be deduced in the following
unambiguous way. Neglecting any hfs anom-

aly, we may use the ratio A/g; for Yb'" inferred
from the signal at 147 G to yield a value for
the similar ratio for Yb'"3, The strong signal
at approximately 35 G, identified as the main
crossing between the F=% Mp=~-3 and F=3,
Mp=-% levels, and corrected for overlap,
may now be used to extract a value for B/A,
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where ¥ =1/2n7 (7 is the lifetime of the excit-
ed level), D=9*+ |2V P+ A? is the resoance
denominator, f=(1/¥)(1f,P=1fpP), g=(1/7)
x(lg, - lgp ), and V is the matrix element

of the perturbation which couples states a¢ and
b. The symbol f, is used to represent the di-
pole matrix element f,,, =@ IfT Im) that con-
nects state a to the ground-state Zeeman lev-
el m. Similarly, g,=g,,,= m’|g-Tla) is the
matrix element for the decay. The summation
is carried out over all initial levels m and fi-
nal levels m’ involved in the excitation and
decay. We have simplified Eck’s original ex-
pression to obtain Eq. (2) by noting that both
anticrossing levels have the same lifetime and
that the perturbation V is real. In addition,
with the geometry described above, the matrix
elements f,, fp, &;, and gp may all be chos-
en as real.

Eck has discussed the significance of each
of the terms in Eq. (2). The first and second
terms represent the nonresonant background
from the states a and b. The third term resem-
bles the normal level-crossing signal by re-
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the ratio of quadrupole to dipole hfs constants.?

We use the formula
9, 9 .. 9 )
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where b=B/A and H, is the crossing field.®
Higher-order terms are negligible. We find
A=59.7(12) Mc/sec and B = 600(15) Mc/sec.
g has been taken as 1.05(2).* With these con-
stants an energy-level diagram was construct-
ed and is shown in Fig. 2. The third hfs lev-
el, F=3, has an energy of =540 Mc/sec and
cannot be shown conveniently. In addition to
the two observed level crossings (circled in
the figure), one notices the striking anticross-
ing between the levels F =4, Mp=-3 and F=3,
MF— —Z, as well as a somewhat weaker repul-
sion between the Mg = —3 levels.

The resonance fluorescence signal, expressed
as a function of A, the energy separation of
the two repelling levels, has been given by
Eck':
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I quiring coherence in both excitation and decay.
The fourth term is the pure anticrossing sig-
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FIG. 2. Zeeman levels of the P, state of Yb'’3, The
F=3% state has an energy of —540 Mc/sec, and is not

shown. Observed level crossings are circled.
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nal observed by Eck. The fifth and sixth terms
are mixed crossing and anticrossing terms
that require coherence in at least one of the
two steps of the resonance fluorescence pro-
cess.

Neither the hfs interaction nor the magnetic
field couples states with AF =2 in first order.
We may therefore take states a and b in an
F, Mg representation. The perturbation V is,
in fact, provided by a second-order magnetic
field perturbation via the F =3, Mp=~3 level.
This explains the practically straight-line be-
havior of the anticrossing levels before and
after the point of closest approach.

Assuming the light to be propagating in the
y direction with the magnetic field in the z di-
rection, we may evaluate the last four terms
in Eq. (2), at the position of the anticrossing.
The third, fourth, fifth, and sixth terms have
respective intensities of 1.84, -0.01, 0.08,
and 0.23 in units of (2+ 12V B)~L. All terms
have the same angular dependence, (3 cos?6,
-1)(3 cos?0,-1), where 6, and 0, are the angles
between the direction of polarization and the
z direction for the incident and scattered light,
respectively. This suggests that these terms
may be distinguished from the more intense
Am=2 and Am =1 level-crossing signals shown
in Fig. 1, whose dependence on angle is sin?6,
X sin®6, and sin26, sin26,, respectively. With
Polaroids in both the incident and detection
channels rotated to 6,=6,=0, the curve shown
in Fig. 3 was observed. The sweep shows two
anticrossing signals at H=+56 G, as predict-
ed by Fig. 2. Moreover, the signals diminished,
vanished, and then reversed sign as the polar-
izers were turned through an angle of 55° with
respect to the z axis. This explains the choice
of 55° in obtaining Fig. 1 mentioned above,
since this allows observation of a pure cross-
ing signal.

The third term is by far the largest, although
it requires coherence in both parts of the res-
onance fluorescence process. The sixth term
contributes a slight asymmetry to the signal
due to its dispersion line shape, but the over-
all line shape is predicted to be Lorentzian.
The dispersion-type line shapes shown result
from lock-in detection used in our experiment.
This is in good agreement with observation,
although perturbations from the nonresonant
background, from the anticrossing signal at
negative (positive) magnetic field, and possi-
bly from the anticrossing of the M= -3 levels
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FIG. 3. Coherent anticrossing signals observed with
7 light in both steps of the resonance fluorescence pro-
cess. The phase reversal of the two signals is due to
the sign reversal of the magnetic field.

rule out any precise determination of the sig-
nal asymmetry.

Assuming that the signal is perfectly sym-
metric (the predicted asymmetry is of the same
order as that produced by a slight misalignment
of our optics), we find that the peak-to-peak
separation is given by*

5p= (2/V3)(2+ 12V P)v/2, (3)

A value of ¥=29.0 Mc/sec can be inferred from
the measured lifetime of the 'P, level.®* For

2V we may take the distance of closest approach
shown in Fig. 2 of 6.3 Mc/sec. This leads to

a prediction of 22.9 G for &, where the slope
1.51 Mc/G sec taken from the figure has been
used as a conversion factor. The value found
from a succession of curves, in which the den-
sity of scattering atoms was reduced to elim-
inate coherence narrowing,® is 22.5+1.0 G.

Finally, the intensity of the anticrossing
signal at 56 G is predicted to be one-eighth
that of the crossing signal at 35 G. A ratio
of between five and ten to one was observed
in favor of the crossing signal.

In view of the evidence presented above, we
feel justified in concluding that we have, in
fact, observed signals from the coherent ex-
citation and decay of anticrossing levels. The
measured position and linewidth of the anticross-
ing can now be used to extract an improved
value for the quadrupole hfs constant. We find
B=604(7) Mc/sec (assuming g;=1.05; B is
proportional to g ).

The utility of coherent anticrossing signals
in our experiments is apparent from a compar-
ison of Fig. 1 with Fig. 3. More information
is obtainable from the single, well-resolved
anticrossing than from the superposition of
level-crossing signals. This suggests that
coherent anticrossings may prove generally
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useful for the particularly difficult class of
atoms with small hfs and short lifetime. A
limitation of the technique is that an inversion
of the hfs levels may be necessary to avoid

a first-order repulsion of levels with the same
magnetic quantum number.
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Consider a spin system having an internal
static Hamiltonian 3C, initially prepared in the
state |0) and then subjected to a train of brief,
intense, magnetic field pulses whose effects
can be represented by the rotations

Pk=exp( z@knk 1), (1)
where T, is a unit vector in the direction of
the pulse field in the rotating frame. The state
of the system following the »nth pulse at time

is
n
|T>={ II [P, exp(-i%r )];|0> @)
k=1
As usual, it is to be understood that the oper-
ators in a product act successively in order

of increasing index. Equation (2) can be re-
written as

| T = fn exp(~i,3C_ k)f{n P ﬂo>, (3)

k =1 m=
where
f n n 1 L
£ IHP}{HP/ . (4)
l =k =k
Imagine that the » pulses are so chosen that
n
TP
m=1
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A sequence having this property will be called
a cycle. The pulse trains used by Carr and
Purcell,! Ostroff and Waugh,? and Waugh and
Huber® are cyclic for n=2, 4, and 2, respec-
tively. After N cycles (time ¢ =NT) the state
of the system is
n
It>={kH1€Xp(—i-rk$an)}N¥0>- )

It can be shown® that if 7 < T,, where T, is

a natural time of the system associated with
¥, and often under less restrictive conditions,
|#) becomes describable in terms of an aver-
age Hamiltonian 3¢

1)~ exp(-i3t)10), (6)
_ 1 n
$C=¥k§136nk7k. ")

This result is in some ways reminiscent of
the phenomenon of motional averaging,® but
here it is the spin operators rather than the
lattice operator which are time dependent,
and the “fluctuations” of 3 are periodic rath-
er than random. More importantly, the aver-
age Hamiltonian obtained is under the control
of the experimenter through choice of the puls-
es Pp, and weighting factors 1/7.

An interesting case arises when ¥ consists
of static, homonuclear, dipolar interactions



